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Water availability is the primary constraint to sorghum production worldwide. The crop is 
grown in water-limited environments of varying extent and timing with water stress during 
grain filling being common. Varying extent and timing of water availability generates 
substantial genotype × environment interaction (GEI) for sorghum production, which 
restricts genetic improvement of grain yield. The objective of this thesis is to better 
understand sorghum performance under drought conditions and identify potential 
strategies to improve the rate of genetic gain for grain yield. To better understand the 
impacts and to deconstruct GEI by removing the confounding effects of flowering time 
(DTF) and tillering (FTN) on grain yield, linear mixed models were used to evaluate the 
impacts of DTF and FTN on grain yield of 1741 unique test hybrids. Hybrids were derived 
from crosses between 1078 elite male parents and 3 female testers and grown in 21 yield 
testing trials at 15 locations across the major sorghum production regions in Australia in 
three seasons. DTF made a significant contribution to genetic variation in grain yield of 
male lines in 14 of the 48 tester/trial combinations, explaining 0.2% to 61.0% variation, and 
FTN in 12 tester/trial combinations, explaining 1.4% to 56.9% variation. The relationship of 
DTF and FTN with grain yield of hybrids in the whole dataset was frequently positive, but 
varied depending on the genetic background of testers and growing environments. 
However, between trial genetic correlations for grain yield were not significantly improved 
after accounting for the effects of DTF and FTN using linear models. These results 
suggests that other genetic factors affecting canopy development dynamics and grain yield 
might contribute more of the genetic variation in grain yield. It is possible that linear mixed 
models did not capture the non-linear effects of flowering time and fertile tiller number on 
yield. One of the consequences of water stress during grain filling is lodging, with major 
consequences on grain yield and quality. Hence, resistance to lodging has been a major 
target of selection in sorghum breeding programs in Australia. A retrospective analysis 
was conducted on 37 commercial hybrids grown in 83 yield testing trials in major sorghum 
production regions in Australia in 14 seasons to quantify the geographical and seasonal 
variations in lodging occurrence and severity. Lodging occurred more frequently in Central 
Highlands and less frequently in Liverpool Plains, in comparison to the overall average 
across regions. The severity of lodging also varied across regions, with the most severe 
lodging (>20%) occurring in the Central Highlands and Western Downs. Lockyer Valley 
was the only region free from lodging. In addition, seasonal patterns of lodging frequency 
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and severity were also observed. Over the 14 growing seasons, the frequency of lodging 
varied from 0 to 100%, with the most severe lodging (>20%) observed in 2005, 2016, and 
2017. The Southern Oscillation Index explained 29% of the seasonal variation in lodging 
frequency. Results also showed that the levels of lodging resistance in commercial hybrids 
were not improved. This is possibly because sorghum breeders trade of improvements in 
lodging resistance to increase grain yield due to the complex nature of lodging. Currently, 
sorghum breeders use strategies of direct selection against lodging susceptibility and 
direct selection for stay-green (delayed leaf senescence) rather than selection for lodging 
resistance to improved lodging resistance. A better understanding of the genetic 
architecture of lodging and its association with other traits would enable faster and greater 
genetic gain in lodging resistance and grain yield. Large scale genome-wide association 
studies on lodging were conducted using data from 17 Australian sorghum trials over three 
seasons involving 2308 unique test hybrids. The identification of 213 QTL for lodging 
clearly demonstrate the complexity of lodging. The majority (92%) of the lodging QTL 
showed a significant association with leaf senescence and plant height, suggesting lodging 
in grain sorghum is primarily driven by carbohydrate remobilisation and plant height. 
Additionally, the thesis found that one third of the previously reported QTL for stalk rots co-
located with lodging QTL identified in this study, 11 of which were associated with leaf 
senescence and/or plant height. These results indicate that genes providing classical 
resistance to stalk rots are likely to be of limited effectiveness in breeding for enhanced 
lodging resistance. However, the observation of significant enrichment of genes in lignin 
biosynthesis pathways within lodging QTL identified in this thesis indicates that lodging 
resistance is likely to be improved by selecting for stem strength and composition traits 
such as lignin content. 
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Chapter 1 General Introduction 
1.1 Background and objectives of the project 
Sorghum is one of the world’s most important cereal crops supporting the livelihoods of 
500 million people, predominantly in Africa and south Asia (FAO). It is also an important 
feed grain and forage crop in Australia, the USA and South America (Kopinski & Willis, 
1996; Blümmel et al., 2003; Gualtieri & Rapaccini, 2005; Grant et al., 2010; Selle et al., 
2010; Liu et al., 2013). Additionally, sorghum is becoming increasingly important as a 
source of feedstock for bio-fuel production (Rooney et al., 2007; Wang et al., 2008). As 
one of the best cereals adapted to marginal conditions, such as drought and high 
temperatures, it is anticipated that sorghum will play an increasingly important role in 
feeding the world’s growing population, particularly in the context of climate change.  
Water availability is the primary constraint to sorghum production worldwide (Rosenow et 
al., 1997). The crop is often exposed to water stresses of varying timing and extent, with 
post-anthesis drought stress being common in sorghum production environments in 
Australia (Chapman et al., 2000b; Hammer et al., 2014). Variations in timing and extent of 
water availability for different genotypes across environments generate substantial 
genotype × environment interaction (GEI) in sorghum production in Australia (Chapman et 
al., 2000a,b,c). Therefore, the impact of the environment and the significant GEI, together 
with the physiological and genetic complexity of grain yield, make breeding for increased 
grain yield in sorghum highly complex. 
The genetic improvement of sorghum yield in Australia is restricted by GEI caused 
primarily by the interaction of variations in water supply and crop demand, in particular 
where these variations change the temporal water use patterns between pre- and post-
anthesis relative to water availability (Hammer et al., 2014). Variations in flowering and 
tillering among genotypes generate differences in the extent and timing of use of water 
and light resources, and consequently the temporal water use patterns between pre- and 
post-anthesis stages through their effects on canopy development dynamics (Hammer, 
2006; van Oosterom et al., 2008, 2011). Thus, phenotypic variation in flowering time 
(Fischer et al., 1989) and tillering (Alam et al., 2017) can complicate the interpretation of 
breeding trials and the selection of superior parents for hybrid production. It will be 
potentially beneficial to remove the confounding effects of flowering time and tillering on 




the impacts of the two traits on yield across various environments is complex and difficult 
to quantify in a way that can be used effectively in applied breeding. Chapter 3 of this 
thesis focuses on the confounding effects of flowering time and tillering on grain yield in 
addition to investigating GEI on grain yield.  
Another trait that can have a large, negative impact on grain yield is lodging. Stalk lodging 
due to bend or breakage at the base of the stalk is often observed under drought stress 
post-anthesis in sorghum production environments in Australia and the USA (Rosenow, 
1977; Henzell et al., 1984). Lodging can result in significant losses in grain yield and 
reduction in grain quality (Larson & Maranville, 1977; Fischer & Stapper, 1987; Setter et 
al., 1997; Berry & Spink, 2012). Improving resistance to lodging is a major breeding 
objective in Australian sorghum breeding programs (Henzell, 1992; Henzell & Hare, 1996). 
Despite lodging resistance being a trait that is critical to farmers and strongly selected by 
breeders, there has been no study evaluating regional and seasonal patterns of lodging in 
sorghum production environments in Australia or worldwide. Chapter 4 provides the first 
analysis of regional and seasonal patterns of stalk lodging in sorghum across multiple 
locations and multiple years. 
The current approaches to breed for improved lodging resistance are through direct 
selection against lodging susceptibility and indirect selection for stay-green (Henzell et al., 
1984; Henzell & Hare, 1996), rather than direct selection for improved lodging resistance 
per se. Lodging is thought to be associated with carbohydrate remobilisation, stalk rots, 
and their interaction (Henzell et al., 1984). The stay-green phenotype is expressed as 
delayed leaf senescence in sorghum plants exposed to water limitation during grain filling 
(Jordan et al., 2012; Borrell et al., 2014b). This phenotype is an integrator of the complex 
factors that influence the source-sink relationships in the plant (Borrell & Hammer, 2000; 
Borrell et al., 2001). Like stay-green, height has impacts on carbohydrate supply/demand 
as well as having direct physical effects on lodging. Lodging is also affected by stem 
mechanical properties, with lignin content being shown to be associated with lodging in 
sorghum (Gomez et al., 2017a, 2018). Due to the complex nature of lodging, only 7 
quantitative trait loci (QTL) have been detected to date for lodging resistance through 
linkage analysis by three studies (Kebede et al., 2001; Murray et al., 2008; Srinivasa 
Reddy et al., 2008), all of which were conducted in small bi-parental populations in a very 
limited number of environments. For complex traits like lodging, large populations and 




of the largest genome-wide association studies conducted to date in sorghum to dissect 
the genetic control of stalk lodging. 
The overall objective of this thesis is to better understand sorghum performance under 
water limited conditions and identify potential strategies to improve the rate of genetic gain 
for grain yield. The logical framework for the research is outlined in Figure 1-1 with the 
major research questions for each chapter and their interrelationships identified. The 
thesis aims to: 
1) Quantify the genetic contribution and relationship of flowering time and fertile tiller 
number to sorghum grain yield in diverse sorghum production environments in 
Australia; 
2) Investigate the geographical and seasonal patterns of lodging occurrence and 
severity in major sorghum production environments in Australia; 
3) Determine the genetic architecture of lodging and the relationship of lodging with 
putatively associated traits; stay-green, height, grain yield, stalk rots, and stem 
composition. 
1.2 Thesis outline 
This thesis includes six chapters: 
Chapter 1 (this chapter) provides a general background and outline of this thesis. 
Chapter 2 reviews the literature on sorghum production and improvement in Australia, 
physiology of grain yield, and genetic architecture of traits associated with grain yield 
under water limited environments. Research gaps that this thesis will address are also 
identified.  
Chapter 3 quantifies the genetic contribution to grain yield of flowering time and fertile tiller 
number as well as the linear relationships of the two traits to grain yield across diverse 
environments in Australia. This is achieved through the analyses of 21 yield testing trials of 
the sorghum pre-breeding programs across the major sorghum production environments in 
Australia in three summer growing seasons. This chapter also investigates the 
deconstruction of GEI on grain yield through the incorporation of flowering time and fertile 




Chapter 4 investigates the geographical and seasonal variations in lodging frequency and 
severity through the analyses of 37 commercial hybrids in 83 advanced yield testing trials 
in the major sorghum production environments in Australia in 14 consecutive seasons. As 
the seasonal variation in rainfall in Australia is associated with the Southern Oscillation 
Index (SOI), this chapter also studies the association between seasonal variations in 
lodging frequency and average SOI of the growing seasons. Additionally, the presence of 
three hybrids grown in all seasons enables the investigation of the trend of lodging 
resistance in commercial hybrids over the period of the study (Figure 1-1). 
In Chapter 5, a large scale genome-wide association study (GWAS) is conducted to 
dissect the genetic architecture of stalk lodging using 2308 unique test hybrids grown in 17 
Australian sorghum trials over 3 seasons. Additionally, this chapter investigates the 
relationships of stalk lodging with other putatively associated traits including stay-green, 
plant height, and grain yield. Co-location of lodging QTL identified in this study with genes 
related to lignin biosynthesis and QTL for stalk rots is also investigated.  
Chapter 6 summarises the overall findings in this thesis and details the further implications 









Chapter 2 Literature Review 
The world’s population is predicted to increase to 9.7 billion by 2050 (United Nations, 
2017). Dietary shifts due to improvement in living standards also increases the demand for 
food (Keyzer et al., 2005). Therefore, it is of crucial importance to increase crop yields to 
secure global food supply. The fact that food demand from global population growth 
exceeds food supply, together with the escalating demand for arable land for bio-fuel crop 
cultivation, has made food shortage a serious and an urgent global problem (Brown & 
Funk, 2008; Takeda & Matsuoka, 2008). Moreover, unpredictable global climate change 
makes achieving this goal even more challenging. 
2.1 Sorghum  
2.1.1 Global uses and description of sorghum 
Amongst the cereals, sorghum (Sorghum bicolor (L.) Moench) is one of the best adapted 
to drought and high temperatures, making it especially important in meeting the challenges 
of feeding the world’s increasing population in the context of a changing climate. It is the 
fourth most important grain crop based on production and the fifth based on tonnage in the 
world (Rao et al., 2014). The crop is often grown in marginal conditions with low levels of 
inputs. Sorghum is not only a staple food for over half a billion people in the semi-arid 
tropics of Africa and Asia (Pennisi, 2009), but also an important source of feed for poultry, 
pig, beef and dairy industries (Kopinski & Willis, 1996; Blümmel et al., 2003; Gualtieri & 
Rapaccini, 2005; Grant et al., 2010; Selle et al., 2010; Liu et al., 2013). Additionally, 
sorghum is also an attractive feedstock for bio-fuel production (Rooney et al., 2007; Wang 
et al., 2008). Recent studies have shown that sorghum can contribute to more sustainable 
agriculture in the future (Sánchez-Duarte et al., 2019; Xie & Xu, 2019). 
Sorghum grains are also a rich source of dietary fibre and resistant starch (Knudsen and 
Munck 1985; Niba and Hoffman 2003; G.Kamath et al. 2004; Ciacci et al. 2007; Wu et al. 
2016; Rao et al. 2018), and have much higher polyphenols than other cereal crops such 
as corn, barley, and millet (Ragaee et al. 2006; Chiremba et al. 2012). Unlike other cereal 
crops, such as wheat and barley, sorghum grains are gluten-free (Schober et al. 2005; 
Wolter et al. 2013). These chemical properties make sorghum an important foods for 
appetite control in humans to reduced risk of chronic disease related to excessive energy 
consumption, celiac disease, and other intolerances (Awika and Rooney 2004; Ciacci et al. 
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2007; Stefoska-needham et al. 2015). Because of these unique health benefits, there is an 
increasing demand of sorghum grains for human consumption (Stefoska-Needham and 
Tapsell 2020). 
Genetic diversity of sorghum 
Originating in Africa (de Wet & Huchabay, 1967; de Wet & Harlan, 1971), sorghum is a 
short-day plant with differential photoperiod sensitivity. However, it has been adapted to 
cultivation in subtropical and temperate areas through selection for lack of sensitivity to 
photoperiod. Cultivated grain sorghum (S. bicolor subsp. bicolor) was domesticated from 
the wild progenitor S. bicolor subsp. verticilliflorum (Harlan, 1992; Wiersema & Dahlberg, 
2007). During domestication, sorghum diversified in response to agro-climatic adaptation 
and human selection, and has been classified into five major races (bicolor, guinea, 
caudatum, kafir, and durra) based on morpholocial characteristics of the spikelet and 
panicle (Harlan & de Wet, 1972). These groupings have been subsequently supported by 
genetic based racial classification (Brown et al., 2011).  
The genetic diversity of cultivated sorghum has declined gradually over time during 
domestication (Smith et al., 2019). This is contrast to the “bottle neck” effect observed in 
other cereal crops, often resulting in a dramatic reduction in genetic diversity (Liu et al., 
2017; Wang et al., 2017a). Wild relatives of sorghum may be valuable not only as a source 
of improved and environmentally adaptive traits but also as a source for reparation of 
genome-wide mutation load that may affect housekeeping and economic traits alike (Smith 
et al., 2019). To conserve the genetic diversity, many germplasm centres worldwide have 
collected around 200,000 sorghum germplasm, many of which, however, represent 
duplications of various sorghum accessions (Kimber et al., 2012). 
2.1.2 Sorghum genome 
Sorghum is a diploid (2n= 20) C4 grass with a small genome of ~730 megabases (Mb) 
(Paterson et al., 2009; McCormick et al., 2018). Sorghum chromosomes are characterised 
by small euchromatic distal regions of high gene density that display high rates of 
recombination and large heterochromatic pericentromeric regions of low gene density and 
low rates of recombination (Kim et al., 2005). The euchromatin comprises just over one 
third of the sorghum genome (252 Mb); however, it accounts for 97% of recombination and 




genome, most (91.8%) of which are long terminal repeats, while DNA transposons account 
for 8.7% of the genome (McCormick et al., 2018). A total of 34,211 genes were annotated 
in the v3 sorghum genome (McCormick et al., 2018). 
Large-scale variant features in euchromatin have been identified in a number of recent 
studies, with millions of single nucleotide polymorphisms (SNPs) and millions of structural 
variations (indels, copy number variations, presence/absence variations) being detected 
across diverse sorghum germplasm (Zheng et al., 2011; Mace et al., 2013b; Morris et al., 
2013; Luo et al., 2016; McCormick et al., 2018). The density of genetic variants vary 
substantially across the sorghum genome; variant density in the distal euchromatic regions 
is generally higher than that in the heterochromatic pericentromeric regions of each 
chromosome (Evans et al., 2013; McCormick et al., 2018). The majority (82-83%) of the 
SNPs detected so far in whole genome resequencing studies have been located in 
intergenic regions, with between 4.1-7.9% located in coding sequences (Zheng et al., 
2011; Mace et al., 2013b).  
2.2 Sorghum production in Australia 
In Australia, sorghum is the major summer grain crop and plays a crucial role in providing 
feed grains to the livestock industries (Hammer, 2006), as well as an important feedstock 
for bio-ethanol fermentation (Puri et al., 2012; AgriFutures, 2017; GAIN Report, 2018).  
2.2.1 Growing conditions in Australia 
Sorghum in Australia is mainly grown in the north-eastern cropping areas, including 
northern New South Wales (NNSW), central Queensland (CQ), and southern Queensland 
(SQ) in typically rainfed production systems (Dang et al., 2008). The climate of this 
cropping region is semi-arid with high evapotranspiration (1300-2200 mm per annual), low 
average annual rainfall (550-800 mm), most of which falls during summer (Webb AA, 
Grundy MJ, Powell B, 1997). However, summer rainfall in this region varies substantially 
from season to season and from location to location (Lough, 1991, 1993). Grown in 
dryland conditions, sorghum production relies on in-crop precipitation and the soil moisture 
stored during a previous fallow (Passioura & Angus, 2010; Jordan et al., 2012). Clay soils 
(mainly Vertosols) are the main soil type of the sorghum cropping areas in Australia (Isbell 
& the National Committee on Soil and Terrain, 2016); however, the soil type has varying 
depth and water holding capacity through the region (Dang et al., 2006, 2008). Although 
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the proportion of the precipitation saved by the soil during the fallow period can be as high 
as 46% (Dimes et al., 1996), it rarely meets the crop’s demand for water during the whole 
growth period without the need for some rainfall during the growing season (Jordan et al., 
2012). All these factors result in sorghum being grown in conditions with varying extent 
and timing of water availability, with water stress being common in all regions (Chapman et 
al., 2000b; Hammer et al., 2014).  
2.2.2 Agronomy 
Soil temperature is an important factor in determining the timing of sowing of sorghum. It is 
recommended to plant the crop when the soil temperature at 8am EST at the intended 
seed depth (about 3-5 cm) is at least 16°C (preferably 18 °C) for three to four consecutive 
days and the risk of frosts has passed (Moore et al., 2014). Planting into cold soil slows 
emergence, reduces germination and establishment and increases susceptibility to 
seedling blight. Low soil and air temperatures slow plant growth and reduces nutrient 
uptake (especially phosphorus) inducing purpling in some hybrids. Crops sown earlier are 
more prone to suffer from cold conditions at the seedling stage.  
Sowing of sorghum normally occurs from September to January, depending on location, 
timing of planting rains, and stored soil water during fallow in the previous season 
(Hammer et al., 2014). In NNSW, wide sowing windows occur for most areas, from early 
September to early January (Moore et al., 2014). Planting at the start of these windows is 
often more successful in minimising moisture stress during flowering. Planting is often 
completed by early January so that crops finish flowering by mid-March, which may reduce 
the risk of sorghum ergot infection induced by cold temperatures around flowering and 
frost. Planting arrangements should also aim to avoid flowering during the extreme heat of 
late December to early January. The planting window for sorghum in Queensland is wide, 
extending into February in CQ (Cameron et al., 2018). However, the crop is normally sown 
from early November to January in CQ  to avoid the heat at flowering in December and 
from October to mid-January in SQ (Chapman et al., 2002). 
2.2.3 Production 
Sorghum production in Australia is relatively evenly distributed among CQ, SQ, and 
NNSW (Hammer et al., 2014), with significant fluctuation largely due to the timing and 




crops such as cotton (ABARES 2017, http://www.agriculture.gov.aus). Small areas of the 
crop are produced in Western Australia, Victoria, South Australia and the Northern 
Territory in some years (http://www.agriculture.gov.aus). 
Over the past 10 years up to 2017-18, the average sorghum production in Australia was 
1.87 Mt, with an average planted area of 0.61 Mha and average yield of 3.03 t/ha (Brown 
et al., 2009; To et al., 2010, 2011, Agbenyegah et al., 2012, 2013, 2014, 2015, 2016, 
2017b; Cameron et al., 2018). In Queensland, the sorghum planting area ranged from 250 
to 547 thousand hectares (Kha) with an average of 420.6 Kha, with sorghum production 
ranging from 604 to 1,771 thousand tons (Kt) with an average of 1,231 Kt, over the last ten 
years up to 2017-18. In contrast, in New South Wales, the sorghum planting area was 
smaller and varied from 135 to 260 Kha with a mean of 200 Kha, with production varying 
from 365 to 1,210 Kt with a mean of 704 Kt. There is limited production in Victoria, South 
Australia, Western Australia, and Northern Territory, with overall planting area and 
production varying from 1 to 5 Kha and from 0 to 6 Kt, respectively, over the seasons. 
2.2.4 Major biotic and abiotic constraints of sorghum production in Australia 
Both biotic and abiotic stresses are common in sorghum production in Australia (Maunder, 
2002). Water and heat stresses are the most common abiotic stresses, with corn earworm 
(Helicoverpa armigera) and sorghum midge (Stenodiplosis sorghicola) being the most 
serious insect pests and sorghum ergot and stalk rots being the most serious pathogens.  
Water stress 
As previously described, water stress is a major limitation to sorghum production in 
Australia, resulting in the crop grown in various water-limited conditions with water 
limitation occurring more often later in the growing season. To minimise risk of crop failure, 
many grain growers in Australia’s northern grain belt monitor soil water content before 
planting and will only sow a sorghum crop when soil water reaches a certain threshold 
(Jordan et al., 2012). This strategy reduces the chances of pre-anthesis drought stress 
experienced by the crop, but increases the frequency of various terminal drought stresses 
if soil moisture is depleted during the grain-filling period due to limited in-season 
precipitation. Severe drought stress early in the season only occurs in a small number of 
cases, while the majority of water stress events occur from just prior to flowering 
(Chapman et al., 2000b). 
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One of the prevalent consequences associated with water stress in sorghum production is 
lodging (Henzell et al., 1984), which occurs when the stems of sorghum plants are 
permanently displaced from their vertical position (Pinthus, 1974). There are two main 
types of lodging, bending or breaking of the lower culm internodes leads to stem or stalk 
lodging, while root lodging is caused by root rotation due to lack of anchorage of the crown 
(Pinthus, 1974). A third lodging type, peduncle lodging due to breakage near the peduncle, 
has also been reported in sorghum (Larson & Maranville, 1977). However, the most 
common type of lodging in grain sorghum in Australia is stem or stalk lodging, which 
occurs during grain filling under drought, with root lodging occurring only infrequently 
(Henzell et al., 1984). Although yield losses caused by stem lodging in grain sorghum in 
production conditions are not well documented, it is believed that lodging that occurs 
following water stress during the grain filling stage causes the most grain loss world-wide, 
especially in regions where grains are harvested mechanically (Johnson et al., 1997). 
Temperature stress 
Sorghum in Australia is often exposed to supra-optimal temperatures during the growing 
season, with maximum temperatures frequently exceeding the optimum temperature for 
sorghum growth and development (Nguyen et al., 2013), particularly during flowering. Heat 
stress reduces pollen germination, seed-set (Nguyen et al., 2013), seed mass (Singh et 
al., 2015), and consequently grain yield, with the most significant impact around flowering 
(Singh et al., 2016). Warming trends in northeast Australia over the past few decades are 
more likely to increase the incidence of heat stress on sorghum production and reduce 
sorghum yield (Lobell et al., 2015).  
Insect pests 
Besides abiotic stresses, sorghum production is often affected by biotic stresses, including 
insect herbivory and disease infections. Corn earworm (Helicoverpa armigera (Hubner)) 
has become sorghum’s most damaging insect pest (Murray et al., 2013). The average 
annual production losses caused by this pest is estimated to be AUD$14 million, with a 
further AUD$8 million required for average annual treatment costs (Murray et al., 2013). 
While heliothis oviposition may occur during vegetative growth with larvae feeding in the 
whorl, the pest causes the most damage to production immediately after flowering and 
over the following four weeks (Passlow et al., 1985) with developing larvae feeding initially 




nucleopolyhedrovirus (NPV) is used almost exclusively in controlling corn earworm in 
sorghum, with the use of synthetic insecticides now on less than 5% of the treated crop 
area (Franzmann et al., 2008). 
Midge, Stenodiplosis sorghicola (Coquillett), is the second most ubiquitous and damaging 
insect pest in sorghum (Murray et al., 2013). It is estimated to result in annual costs to 
sorghum production of USD$28 million in Texas (Peterson et al., 1994), USD$294 million 
in the semi-arid tropics (ICRISAT, 1992), and over AUD$10 million in Australia (Henzell et 
al., 1997; Murray et al., 2013). In Australia, the Queensland Department of Agriculture and 
Fisheries (DAF) in partnership with GRDC and the commercial sorghum breeding 
companies have developed a Sorghum Midge Tested Scheme to measure the midge 
resistance (MR) levels in grain sorghum hybrids and assign official MR ratings to all the 
commercially released lines (https://grdc.com.au/archive/the-sorghum-midge-tested-
scheme). Consequently, Australian farmers receive consistent information on the level of 
resistance in particular hybrids (Henzell et al., 1997). They can also use “The Beatsheet” 
(https://thebeatsheet.com.au/economic-threshold-calculators/economic-thresholds-
sorghum-midge/), a DAF run website about insect pest management issues relevant to 
Australia’s northern grain region, to calculate midge pressure and decide if a chemical 
spray is required. 
Diseases 
Amongst diseases of sorghum in Australia, ergot, caused by Claviceps spp., is one of the 
most important and affects all sectors of the industry (Ryley et al., 2002b). Four isolates of 
Claviceps species have been reported to cause sorghum ergot in Australia (Komolong et 
al., 2002). The infection of the disease is favoured by cool temperatures, high humidity 
around flowering and lack of pollen viability (Ryley et al., 2002a). Ergot infects sorghum 
panicles, which secrete honeydew. A white waxy coating covers the entire inflorescence 
and dried white deposits can be clearly seen on plant parts and the soil below (Ryley et al., 
1996). Since its first reported occurrence in Australia in 1996 (Ryley et al., 1996), the 
disease has been found all over the sorghum growing regions in Australia (Wang et al., 
2000). Ergot infection can cause direct yield losses and harm animal health. In India, for 
example, 10-80% of direct yield losses have been recorded in hybrid seed production 
fields, while 12-25% of annual yield losses have been regularly observed in Zimbabwe 
(Bandyopadhyay et al., 1998). Regarding the impact of ergot infection on animal health, 
pigs and dairy cattle fed with contaminated grains display varying levels of toxicity, such as 
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refusing to feed and suppression of lactation (Blaney et al., 2000). The negative impact of 
ergot on sorghum product can be reduced by changing of planting time, which, however, 
may have yield penalty as farmers miss the planting opportunity. 
Stalk and root rots cause serious problems in sorghum (Rosenow, 1984) such as 
increasing the severity of lodging. Stalk rots include charcoal rot, caused by 
Macrophomina phaseolina (Tassi) Goid., fusarium stalk rot, caused by Fusarium spp., and 
anthracnose, caused by Colletotrichum graminicola (Cesati) Wilson (Rosenow, 1984; 
Claflin & Giorda, 2002). Fusarium spp. is also the causal pathogen of root rot (Zummo, 
1984). Fusarium spp. associated with stalk rot consists of many species, of which F. 
thapsinum and F. andiyazi are the dominant pathogens in Australia (Petrovic et al., 2009; 
Kelly et al., 2017). Root rots caused by fungal pathogens can develop soon after seed 
germination and continue to affect the roots during all stages of plant development, 
whereas stalk rot pathogens are thought to be invasive during drought stress after 
flowering (Henzell et al., 1984). Root and stalk rot predisposition starts with the 
senescence of root tissue due to insufficient supply of carbohydrate (Dodd, 1980). Under 
post-anthesis water stress conditions, increased remobilisation of reserves from stem, 
leaves, and roots to grains results in the senescence of root and stalk tissues. Although 
these root and stalk rotting pathogens are not aggressive fungi capable of invading 
rigorous plant tissue, they are able to attack dying root and stalks under water stress 
during grain filling (Dodd, 1980; Srinivasa Reddy et al., 2008), and will develop into the 
stem after infecting the root (Reed et al., 1983). Once invaded successfully, these 
pathogens secrete cell-wall-degrading enzymes (CWDE) to upregulate CWDE-encoding 
genes in the host to promote the susceptibility of sorghum to stalk rot diseases (Bandara 
et al., 2018).They can result in the premature plant death before maturity and yield losses; 
however, direct yield losses are not well documented. 
2.3 Sorghum improvement in Australia 
Sorghum breeding in Australia commenced in 1941 (Henzell, 1992), before this time 
variety development relied on varieties that were introduced to Australia in 1932/1933 from 
South Africa, Egypt, and the US with seed of the most suitable varieties first released in 
1935 (Miles, 1949). After 1941, an active breeding program was established by the 
Queensland government’s Department of Agriculture with the aim to release open 




sorghum by Stephens and Holland (1954), the government program moved to hybrid 
sorghum breeding in 1958 (Henzell, 1992). 
Today, sorghum breeding in Australia is still consisted of both public and private sectors. 
The relationship between the two sectors has changed over time as well as their roles 
(Henzell & Jordan, 2006). The public sector initially produced commercial varieties, which 
later were developed by the private sector. In response to the appearance of commercial 
programs, the public program moved to the development of parental lines for commercial 
hybrids and focused on introducing strategic traits that were unattractive to the private 
sector because of risk and long breeding cycles. In the late 1980s, the public sector 
started to license germplasm under a royalty system and shifted the breeding efforts from 
parental development to germplasm improvement. Germplasm developed in the Australian 
sorghum pre-breeding programs were licensed to commercial seed companies. Licensees 
pay small upfront administration fee when they license germplasm. This allows breeding 
and testing activities for no further charge. When they sell a commercial variety (always a 
hybrid) that incorporates licensed material, the license requires the licensee to pay a 
royalty to the pre-breeding program in proportion to the genetic contribution of the licensed 
germplasm. Around 1993, the public sector took on new roles in the coordination of public 
research and scientific training.  
Currently the sorghum pre-breeding project is operated by the University of Queensland 
and the Queensland Department of Agriculture and Fisheries, and is the only public sector 
of sorghum breeding in Australia. The sorghum pre-breeding project aims to improve the 
competitiveness of Australian sorghum production by 1) developing and distributing 
germplasm with improved yield, resistance to stresses and improved quality; 2) providing 
germplasm and scientific support for other Australian sorghum research; 3) contributing to 
the coordination and integration of Australian sorghum research. Germplasm development 
involves the identification, assessment, and utilisation of traits (Henzell & Hare, 1996) 
through technologies, such as markers (Mace et al., 2008), molecular-assisted selection 
(MAS) (Jordan et al., 2003), genomic selection (GS) (Hunt et al., 2018), quantitative trait 
loci (QTL) mapping (Tao et al., 1998, 2000, Jordan et al., 2010, 2011; Mace et al., 2012; 
Wang et al., 2014a), and genome-wide association studies (GWAS) (Mace et al., 2013a). 
The public sector develops elite inbred lines through the pre-breeding programs and 
release them to the private sector for the development of commercial hybrids.  
The private sector consists of commercial companies, which transfer the potential benefits 
created in the public pre-breeding program to the farmers through the development and 
sale of commercial hybrids (Henzell & Hare, 1996). Commercial sorghum seed companies 
in Australia also contribute to the genetic improvement of sorghum through their conduct of 
major plant breeding programs for both grain and forage sorghums (Henzell & Hare, 
1996). Currently, there are six commercial companies dedicated to sorghum breeding in 
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Australia. While all companies are based at Queensland, most of them are subsidiaries of 
multinational companies. All of them seek to evaluate across the sorghum production area. 
However, the extent to which they do their own trials or pay a contract firm varies. Some 
companies have large number of small plot trials, but they all make final decisions on the 
basis of strip trials, i.e. 10-30 rows wide and hundreds of metres long.  
2.3.1 Breeding targets  
As previously described, the sorghum production region of Australia is large and diverse, 
and varies in climatic and edaphic conditions, requiring different agronomic management 
practices for sorghum production. The diverse environments (E) and the corresponding 
combinations of genotype (G) and management (M, artificial environment) to suit specific 
environmental conditions predispose sorghum production to a substantial G × E interaction 
(Chapman et al., 2000b), highlighting the difficulty in breeding for specific adaptation in 
such variable production environments in Australia. In addition, Australia has a small 
market for sorghum (Chapman et al., 2000a, 2002). The significant G × E interaction, 
together with the small market size, practically requires that most of the selection in 
sorghum breeding programs is for broad adaptation rather than for specific adaptation 
(Chapman et al., 2000c). Specific objectives of sorghum breeding programs in Australia 
are selection for agronomic traits, midge resistance, adaptation to drought stress, heat 
tolerance, grain quality, and grain yield.  
Agronomic traits 
Flowering time and tillering capacity are important agronomic traits. Flowering time 
controls specific adaptation of crops to their environment by tailoring vegetative and 
reproductive growth phases to local environments (Mace et al., 2013a). Tillering also 
affects crop adaptation to specific environmental and management conditions through its 
effects on leaf area development (Hammer et al., 1987; Lafarge & Loiseau, 2002) and 
production of tillers bearing grains (Lafarge & Hammer, 2002a). Through simulations, 
Hammer et al. (2014) demonstrated that flowering time and tillering could affect the 
specific adaptation of sorghum crops to diverse environments and grain yield (Hammer et 
al., 2014). Therefore, flowering time and tillering capacity are important agronomic 




Plant height is another important agronomic selection target with previous studies 
demonstrating that grain yield is positively associated with plant height (Henzell et al., 
1992; Jordan et al., 2003). However, selection for taller sorghum needs to be considered 
with selection for other related traits such as stalk lodging (Gomez et al., 2018) and stalk 
rots (Adeyanju et al., 2015), which can negatively affect grain yield. 
Sorghum midge resistance  
Selection for resistance to sorghum midge (Stenodiplosis sorghicola)  is one of the primary 
objectives of Australian sorghum breeding programs (Jordan et al., 1998). Sorghum midge 
is a major insect pest of grain sorghum in Australia, with annual production losses 
estimated to be as high as AUD$10 million (Passlow et al., 1985; Murray et al., 2013). The 
central strategy for managing this pest has been to develop resistant hybrids, which is 
feasible as resistance to sorghum midge is controlled by a relatively small number of 
genes (Tao et al., 2003).  
Selection for adaptation to drought 
Two distinctly different types of drought stress responses have been identified in sorghum 
(Rosenow & Clark, 1981; Rosenow et al., 1983). The pre-flowering response occurs when 
plants are under significant water stress during the period from panicle differentiation to 
flowering, whereas the post-flowering response occurs when plants are under severe 
water stress during grain filling (Rosenow et al., 1983, 1997). Sorghum plants exposed to 
pre- and post-anthesis drought stresses display distinct visual symptoms in the field 
(Rosenow et al., 1983). Excellent sources of tolerance to each type of stress have been 
identified, but high levels of both types of tolerance have not been found in the same 
genotype (Rosenow et al., 1983).  
Improving resistance to drought is one of the major targets of sorghum breeding programs 
in Australia (Henzell & Hare, 1996; Jordan et al., 2012). Currently, selection for improved 
drought stress is mainly achieved through the selection for stay-green. The stay-green trait 
(associated with delayed leaf senescence) is used as a major selection target for tolerance 
to post-anthesis drought stress (Rosenow et al., 1997) and has been the main trait for 
selection for post-anthesis drought resistance in Australia (Henzell et al., 1992; Henzell & 
Hare, 1996; Rosenow et al., 1997; Jordan et al., 2012). Excellent genetic sources of stay-
green identified in sorghum include B35, SC35C, SC56-14E, KS19, and E36-1 (Rosenow 
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et al., 1983, 1997; Haussmann et al., 2002). B35 and SC35C have been the major and 
best sources of stay-green used in the Australian sorghum breeding programs, which also 
use stay-green sources from KS19, SC56-14E, B1887, and E36-1 (Henzell & Hare, 1996; 
Jordan et al., 2003). The stay-green sources of B35 and KS19 appear to have different 
modes of action at the physiological level: KS19 source of stay-green displays delayed 
onset and reduced rate of leaf senescence, while B35 source displays delayed onset only 
(Borrell et al., 2000a). Sources of stay-green with greater water capture through narrower 
nodal root angle have also been identified (Mace et al., 2012).  
Lodging is a major problem in grain sorghum and its resistance is a major breeding 
objective in many sorghum breeding programs (Henzell & Hare, 1996). The stay-green 
trait has been widely used in sorghum breeding programs to reduce lodging (Jordan et al., 
2012) because of its positive association with lodging resistance (Rosenow, 1980, 1984; 
Henzell et al., 1984; Rosenow et al., 1997). Selection for hybrids with improved levels of 
resistance to lodging, combined in some cases with the “stay-green” trait, will enable a 
greater flexibility of planting time, better opportunities in marginal cropping situations and 
hence added security and value to sorghum grain production (Henzell & Hare, 1996). 
However, due to the complexity of lodging, the current strategies for selection for improved 
resistance to lodging practiced by sorghum breeders are direct selection against lodging 
susceptibility and indirect selection for stay-green. 
Selection for heat tolerance 
As mentioned previously, supra-optimal temperatures (> 30 ◦C) often occur during the 
growing seasons, with negative impacts on sorghum growth and development, such as 
reducing pollen vitality, damaging grain development, and reducing grain yield, with the 
most significant effect around flowering (Nguyen et al., 2013; Singh et al., 2015, 2016).  
The relative importance of heat is steadily growing in facing of warming scenarios in the 
future (Lobell et al., 2015) with extremely high temperatures likely to occur more frequently 
(Hennessy et al., 2010). To secure sorghum production under more frequent heat stress, 
more emphasis on selection for heat tolerance is warranted in sorghum breeding 
programs. Sorghum breeding programs will require access to wide genetic diversity for 
heat tolerance to identify heat tolerant lines and thereby facilitate sorghum adaptation to 





As described previously, sorghum produced in Australia is mainly used for livestock feed 
and bioethanol fermentation. These end uses have different requirements on grain quality. 
However, there has been very limited selection for grain quality because the aim of most 
sorghum breeding programs in Australia is to achieve higher grain yield. One component 
trait of grain quality that is selected for is grain size. Grain size is an important agronomic 
trait for the above end users; for instance, large grain size can increase nutritional value of 
the grain as feed for chicken (Kriegshauser et al., 2006). High screening due to small grain 
size increases the processing cost of end users and net energy gain value of sorghum 
(Lawrence, 2008), and reduces sorghum grain price and consequently the income of 
sorghum grain growers. Therefore, sorghum breeding programs in Australia also aim to 
increase or at least maintain grain size. 
Low digestibility is a long-standing issue in sorghum (Gilding et al. 2013). Waxy sorghum 
grains have been associated with little or no amylose content, increased protein content, 
and improved digestibility of the grain (Lichtenwalner et al. 1978; Rooney and Pflugfelder 
1986). Besides, waxy sorghums are also advantageous to non-waxy varieties, such as 
producing higher ethanol yield and needing shorter fermentation times (Wang et al. 2008; 
Yan et al. 2011). Therefore, selection for the waxy trait is an also important breeding target 
given the increased demand for sorghum grains as animal feed, human food, and ethanol 
production. 
Grain yield 
The ultimate goal of sorghum breeding programs is to achieve enhanced grain yield. 
Sorghum breeders in Australia have to deal with diverse growing conditions with varying 
extent and timing of water availability, which generate considerable G × E interactions 
(GEIs). These GEIs complicate the selection for improved grain yield and reduces genetic 
gain for grain yield. To deal with GEIs, sorghum breeders can either select for hybrids with 
specific adaptation that are advantageous in specific environments only or for broad 
adaptation, which provides yield stability across diverse environments. Breeding for 
specific adaptation can be achieved by grouping production locations based on regions 
(Bustos-korts et al., 2016) or based on environment types (Hammer et al., 2014). 
However, both grouping methods are unreliable in Australia because locations within the 
same regions may experience different environments and there is substantial variability in 
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the occurrence of different environment types in each region. As a result, the advantages 
of specific adaptation are difficult to capture. In addition, commercial factors also limit the 
development of specifically adapted varieties because of the small market size in 
Australia. For these reasons, most sorghum breeding programs focus on broad adaptation 
to achieve an acceptable suboptimal grain yield across diverse environments. Selection for 
sorghum hybrids with broad adaptation is achieved by growing yield testing trials across 
multiple locations in multiple years to appropriately sample the target population of 
environments. 
2.3.2 Management practices to optimise yield under water limited conditions  
Given the limitations on producing specifically adapted hybrids, Australian sorghum 
growers often use management practices to suit the local production conditions to achieve 
high yield. Yield is typically the most important and complex trait for cereal crop 
improvement. Its complexity stems from the fact that it is the final integration of all 
environmental and genetic factors affecting plant growth and development during the crop 
life cycle. Plant growth and development are highly affected by many factors including 
temperature, photoperiod, water availability, nutrients, solar radiation, as well as abiotic 
and biotic stresses.  
To reduce the risk of crop failure and to achieve high yield expectations, growers can use 
different cropping management strategies including row configurations (solid, single skip, 
or double skip) (Whish et al., 2005; Hammer et al., 2014), narrow or wide rows (e.g. 
0.76 m or 1 m) (Myers & Foale, 1981), and varying plant densities (Wade & Douglas, 
1990; Hammer et al., 2014). 
Soil moisture and solar radiation are two crucial resources for crop growth and 
development, whose availability can be modified through cropping management 
strategies. Radiation capture is a function of leaf area and the canopy extinction coefficient 
(k) (Hammer et al., 2010). Planting configuration, consisting of row configuration and plant 
density, can have a significant effect on yield by changing the interception of solar 
radiation and the uptake pattern of soil moisture. Narrow row configuration is beneficial in 
favourable environments with abundant water as the crop produces more biomass, which 
will be translocated to grains postanthesis; however, in water-limited environments, using 
more water before flowering means less water will be left for crops to use for grain fill, 




maintaining plant density intensifies the within-row competition. Single and double skip row 
configurations are implemented to improve yield reliability via delayed water use due to 
declined canopy cover as well as via delayed access to soil moisture and nutrients in the 
middle of the skip area for later use when roots extend into this area (Wade et al., 1991; 
Whish et al., 2005). Therefore, soil water stored in the middle of the skip row is more likely 
to be accessed for grain fill, allowing crops in skip row configurations to produce higher 
yields and increased harvest index in drought conditions. However, crops in skip row 
configurations are likely to produce less yield than solid rows in favourable environments 
with adequate rainfall due to reduced canopy size and associated low light interception 
(Hammer et al., 2016a). Crops grown at high density in narrow row spacing can achieve 
canopy closure early in the season, which generates a large leaf area index (LAI). High 
LAI in the early crop life cycle improves the amount of light intercepted and reduces weed 
emergence (Foale & Coates, 1980; Holland & McNamara, 1982), additionally uses more 
water for canopy development during the vegetative growth stages. While this 
management strategy is beneficial in favourable conditions, it is disadvantage in water 
scarce environment because of water depletion early in the season, which leaves less or 
no water for grain filling. Besides the effect on light interception and soil moisture, planting 
configuration can also affect the number of tillers. For instance, sorghum plants sown in 
skip row with a medium to high density produce less tillers compared with crops grown in a 
solid configuration at the same density (Whish et al., 2005). Similarly, growing sorghum in 
clumps results in fewer tillers and less vegetative growth, thereby using less soil moisture 
before anthesis and leaving more soil water for use for grain fill, which allows enhanced 
grain yield in water-scarce environments (Bandaru et al., 2006). 
According to soil depth, available soil moisture and the expected in-crop rainfall, and their 
expectations, farmers also apply varying amount of fertilisers. Fertiliser application can 
modulate crop growth through its effect on radiation use efficiency and leaf development 
by influencing specific leaf nitrogen, radiation use efficiency, photosynthesis and biomass 
accumulation (Muchow & Sinclair, 1994). Representing the amount of leaf nitrogen per unit 
leaf area, specific leaf nitrogen (SLN) is an indicator of leaf nitrogen status. Radiation use 
efficiency (RUE) describes the efficiency of translating intercepted radiation into net 
aboveground biomass, which is influenced by SLN and temperature. Muchow (1988a) 
examined the effect of different levels of nitrogen application on leaf growth and found that 
the leaf appearance rate (LAR) and individual leaf areas above leaf 6 were much higher 
and significantly more leaves were produced under high levels of N. Therefore, much 
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higher LAI was reached and more green leaves were maintained during the whole crop life 
cycle when more N was applied (Muchow, 1988a). In addition, high N application led to 
increased SLN, which increased the quantity of radiation intercepted, the radiation use 
efficiency (RUE) and biomass (Muchow & Davis, 1988), grain number and thus grain yield 
(Muchow, 1988b).  
Sorghum is a short-day plant with delayed flowering under long photoperiods and 
promoted flowering under short photoperiods. Flowering time is modified not only by 
photoperiod but also by temperature. Hence, flowering time will vary when sorghum plants 
are sown at different times as photoperiod and temperature vary. Photoperiod can affect 
crop leaf area through its indirect influence on the timing of floral initiation and hence total 
leaf number (Hammer et al., 1993). Temperature plays an important role in tillering by 
influencing the carbohydrate supply to demand ratio of leaves on the main stem (Kim et 
al., 2010b). Therefore, sowing time can change the plant canopy architecture before 
flowering by affecting flowering time and tillering through the effects of photoperiod and 
temperature (Hammer et al., 1993; Kim et al., 2010b). In addition, the duration from 
anthesis to physiological maturity can also be different when sown at different times 
(Muchow et al., 1994). Grain yield of sorghum crops sown at different times varies largely 
depending on the maturity of the variety grown, location and other environmental factors, 
including initial soil moisture, soil characteristics (Muchow et al., 1994).  
Weed control is an important factor in improving soil water storage by a fallow and water 
availability during the cropping season. Fallowing is a standard practice to increase soil 
water availability and to reduce the risk of crop failure in dryland farming systems such as 
in Australia. The water stored by the fallowing practice is generally absorbed late in the 
season, when it can be exceptionally valuable in contributing to the yield (Passioura & 
Angus, 2010). Even a few deep-rooted weeds can be detrimental to grain yield (Passioura 
& Angus, 2010). Management practices to eradicate weeds during the cropping season is 
also important to sorghum production because it cannot only improve water and nutrient 
availability, but also radiation interception by the crop. 
2.3.3 Sorghum improvement in Australia using a G × E × M approach 
Genetic yield gain is constrained by the inadequacy to search for favourable combinations 
of genotype (G) and management practices (M) in relevant environments (E) among all 




traditional empirical methods, which involve measuring phenotypic performance of large 
segregating populations in multi-environment trials to identify high performing individuals, 
have been successful, the associated cost per unit yield gain has increased significantly, 
interactions with management are not integrated, and G × E interactions confound 
selection (Hammer et al., 2016b).  Crop simulation is becoming more and more important 
as a way to exploit the best G × E × M combination (Messina et al., 2009; Hammer et al., 
2014).  
Crop growth models can incorporate the impact of G × E interaction and certain types of 
non-additive gene effects at the whole plant level due to their inclusion of the functional 
relationships between plant physiology and the growth condition, including temperature, 
solar radiation, rainfall, on output traits of interest such as yield (Hammer et al., 2005, 
2006; Messina et al., 2009; Technow et al., 2015). Chenu et al. (2009) implemented 
simulation modelling to deconstruct G × E interaction for yield of hypothetical 
recombination inbred lines of maize under different scenarios of drought stresses, 
highlighting the potential of gene-to-phenotype modelling for interpreting complex traits 
such as yield and drought resistance (Chenu et al., 2009). Messina et al. (2011) further 
applied the crop simulation modelling in a maize breeding program to assist selection for 
improved drought resistance (Messina et al., 2011). In addition, Hammer et al. (2010, 
2014) demonstrated the value of simulating complex genotype × environment × 
management specific adaptation in sorghum breeding through the APSIM model. 
Therefore, crop simulation modelling can be applied in a crop breeding context to extract 
G × E interaction from breeding trials to amplify the genotype signal, for example, from 
drought adaptation. 
2.4 Trait dissection methods 
Following the development of genetic markers and statistical methods, the genomic 
location of genes or quantitative trait loci (QTL) contributing to performance of the traits 
can be identified. The two most commonly used approaches for the dissection of complex 
traits are linkage analysis and association mapping. 
2.4.1 Linkage analysis 
Linkage analysis uses statistical methods to identify genetic markers that are in linkage 
with genomic loci controlling the phenotypes of interest. Linkage analysis relies on 
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molecular markers in linkage with a QTL co-segregating to various degrees, depending on 
the distance between the marker and the QTL, in mapping populations such as F2, 
recombinant inbred lines (RILs), backcross (BC), and double haploid (DH) populations. By 
testing phenotypic differences among marker genotypes, marker-based linkage analysis 
can determine if a marker is linked with the causal QTL (Soller & Beckmann, 1990). 
Depending on statistical models used, linkage analysis can be grouped into four classes: 
single marker analysis, interval mapping, composite interval mapping, and multiple interval 
mapping.  
Single marker analysis considers one marker locus at a time. The principle of single 
marker analysis is to test the mean difference of the trait between the two marker 
genotype groups at each single locus (Fang et al., 2000). A marker is considered to be 
linked with a QTL if there is significant difference of the trait means between the two 
marker genotype groups. Methods used in this analysis includes t test (Simpson, 1989), 
analysis of variance (ANOVA) (Soller et al., 1976), linear regression (Kearsey & Hyne, 
1994), and the likelihood approach (Weller, 1986; Luo & Kearsey, 1989). However, 
although simple to conduct, single marker analysis is unable to accurately estimate the 
position and effect size of QTL (Fang et al., 2000). 
Interval mapping (or simple interval mapping) uses two flanking markers to detect the 
existence of a QTL and its position based on maximum likelihood (Lander & Botstein, 
1989). The possibility of the existence of QTL is estimated by all markers on the same 
chromosome and the possible locations of QTL can be displayed by plotting the likelihood 
of odds (LOD) score against a genetic linkage map. QTL are identified when the LOD 
score is above a critical value, which is predetermined (e.g. 3) or estimated through 
permutation (Churchill & Doerge, 1994). The confidence interval of the position of the QTL 
is indicated by one-LOD support interval, defined by the positions on the genetic map 
whose LOD scores are one less than the maximum (Lander & Botstein, 1989). While 
interval mapping can be a powerful approach to identify QTL, its power decreases with 
small population sizes and for QTL with small effect sizes (van Ooijen, 1992). Additionally, 
interval mapping assumes a single QTL model and therefore, depending on population 
size and the magnitude and direction of the QTL effect, this method can be very poor at 
detecting multiple closely linked QTL on a single chromosome (Xu, 2010).  
Composite interval mapping (CIM) extends the interval mapping through the use of 




through a multiple regression analysis (Zeng, 1993, 1994). Therefore, CIM reduces 
background “noise” that can affect QTL detection and facilitates with detecting multiple 
QTL closely linked on a chromosome and potentially increasing the precision of QTL 
mapping (Zeng, 1993, 1994). However, the accuracy of the QTL effects estimated by CIM 
are still reliant on the size of the population and the magnitude of the QTL effect, and 
additionally may be biased because of the failure of the algorithm deployed in CIM to 
completely ensure that QTL effect is only absorbed by flanking markers (Xu, 2010). To fix 
this issue, Li et al. (2007) modified the algorithm in CIM and developed inclusive 
composite interval mapping (ICIM), in which marker selection is conducted only once via 
stepwise regression by fitting all available markers simultaneously. ICIM retains all the 
advantages of CIM over interval mapping and avoids the possible increase of sampling 
variance and the complicated background marker selection process in CIM (Li et al., 
2007).  
Multiple interval mapping (MIM) can detect multiple putative QTL through the use of 
multiple marker intervals simultaneously to search for number, positions, effects and 
interaction of significant QTL (Kao et al., 1999). The general formulas based on the 
genetic design matrix that characterise the genetic effects of the QTL and the conditional 
probability matrix of QTL genotypes given flanking marker genotypes, which contains the 
information on QTL positions, are used to obtain the maximum-likelihood estimates in 
parameter estimation in MIM (Kao & Zeng, 1997). Then the strategy of a stepwise model 
selection procedure is implemented in MIM for QTL mapping (Kao et al., 1999). MIM is not 
only more powerful and precise than interval mapping and CIM in QTL detection, but also 
can readily search for and analyse epistatic QTL that has no or only a small main effect 
but significantly interacting with another QTL, and estimate the individual genotypic value 
and the heritability of quantitative traits (Kao et al., 1999). However, the output from the 
MIM approach is dependent upon the statistical model selected (Doerge, 2002), which can 
result in inconsistent results across different models (Li et al., 2007).  
2.4.2 Association mapping (AM) 
The major issue with any of the QTL mapping methods for fine-mapping is the limited 
number of meioses that have been generated in bi-parental crosses and the associated 
cost of advancing lines (Jannink & Walsh, 2002). AM is an alternative approach that 
exploits gametic phase disequilibrium (or linkage disequilibrium, LD) created by historical 
recombination events in natural populations (Jannink et al., 2001). LD is the non-random 
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association between alleles at different loci (Falconer & Mackay, 1996). The high 
resolution of AM, in contrast to linkage mapping, is dependent upon the structure of LD 
across the genome (Yu & Buckler, 2006). Additionally, the overall extent of LD genome-
wide, and the average distance over which LD extends, determines the number and 
density of markers and experimental design required for AM (Flint-Garcia et al., 2003). AM 
was previously extensively used in human genetics (Spielman et al., 1993; Templeton & 
Singt, 1993; Spielman & Ewens, 1996). The first AM to be conducted in a natural plant 
population was to dissect the annual growth habit in sea beet (Beta vulgaris ssp. Maritima 
(L.) Arcang.) (Hansen et al., 2001), and since then it has been widely applied in plants 
(Huang & Han, 2014).  
However, despite the increase in accuracy AM provides, AM has a number of 
disadvantages and in particular that false positive associations can be generated by many 
factors such as population structure and kinship (Lander & Schork, 1994; Pritchard et al., 
2000; Marchini et al., 2004; Aranzana et al., 2005; Yu & Buckler, 2006; Zhao et al., 2007). 
However, false positives can be eliminated in many ways. For populations with increased 
population structure and/or kinship, structured association (SA) (Pritchard & Rosenberg, 
1999) and genomic control (GC) (Devlin & Roeder, 1999), the general linear model (GLM) 
(Price et al., 2006), and the mixed linear model (MLM) (Yu et al., 2006) can be applied, of 
which GLM and MLM are the two most effective approaches (Liu et al., 2016). MLM that 
fits population structure as fixed effects and kinship as random effects generally provides 
higher power than GLM, which only fits population structure as fixed effects (Zhao et al., 
2007).  
Due to the reduction in genotyping costs over time, the sample size and number of 
markers being used in AM have increased, increasing the computational burden of MLM. 
However, various algorithms have been developed to reduce this computational burden, 
including EMMA (Kang et al., 2008), EMMAX (Kang et al., 2010), P3D (Zhang et al., 
2010), FaST-LMM (Lippert et al., 2011), GEMMA (Zhou & Stephens, 2012), and 
GRAMMAR-Gamma (Svishcheva et al., 2012). Although these algorithms are less 
computationally intensive than the standard MLM, their statistical power is not improved 
and they are still unable to detect the QTL that are correlated with population structure (Liu 
et al., 2016). Additionally, the statistical power of the above MLM methods declines rapidly 
as the total number of loci underlying the variation in a given trait rises, as well as the 




variation in a given trait across a population and the genetic relationship between markers 
are ultimately evaluated independently (Miao et al., 2018).  
While all MLM methods above have a good control of false positives, they use all of the 
markers in a given data set to generate a matrix of kinship among samples. Two other 
methods, Fast-LMM (Listgarten et al., 2012) and SUPER (Wang et al., 2014b) use a 
subset of carefully selected markers to derive the kinship among samples and improve 
statistical power compared to deriving an overall kinship from all, or a random sample of 
genetic markers. However, both methods only test one marker at a time for marker-trait 
association. The multi-locus mixed-model (MLMM) approach can conduct multiple genetic 
marker tests simultaneously and account for the confounding effects of loci with large 
effect (Segura et al., 2012). The authors showed that this method had higher power and 
low false positives than the above methods.  
Inspired by all the algorithms above, Liu et al. (2016) recently developed FarmCPU (Fixed 
and random model Circulating Probability Unification). FarmCPU performs marker tests 
with associated markers as covariates in a fixed effect model and optimization on the 
associated covariate markers in a random effect model separately (Liu et al., 2016). 
FarmCPU is able to eliminate the confounding effects between testing markers and 
kinship, and simultaneously improves statistical power and reduces computing time. 
Kusmec and Schnable (2018) developed an improved version of FarmCPU, FarmCPUpp, 
which has further improved memory management and the speed of FarmCPU through the 
use of C++ code and parallel computing (Kusmec & Schnable, 2018). The recently 
developed BLINK (Bayesian-information and Linkage-disequilibrium Iteratively Nested 
Keyway), which extends the FarmCPU method, improves statistical power as well as 
reduces computing time, in comparison with FarmCPU (Huang et al., 2018). 
Bayesian multiple-regression methods, which fit all markers simultaneously, have been 
widely used for genomic selection (Meuwissen et al., 2001; Habier et al., 2011). The same 
approaches in principal can be implemented to dissect complex traits in the context of 
genome-wide association studies (GWAS) by limiting false positives to a small value 
(Fernando & Garrick, 2013), as illustrated by some studies (Yi et al., 2003; Fan et al., 
2011; Sun et al., 2011; Peters et al., 2012; Zeng et al., 2012). Miao et al. (2018) conducted 
extensive simulation studies using real world genotype datasets in rice, foxtail millet, 
sorghum, and maize to compare the power and accuracy of MLM, FarmCPU, and 
BayesCπ. The authors found that both FarmCPU and BayesCπ approaches performed 
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better than the MLM approach. Whilst FarmCPU generally provides the most favourable 
trade off between power and low false positives for moderately complex traits controlled by 
dozens of loci, the BayesCπ approach provides a favourable trade off for more complex 
traits (Miao et al., 2018). 
2.5 Physiology of grain yield and genetic architecture of associated traits 
Grain yield is typically the most important and complex trait for cereal crop improvement. 
Its complexity stems from the fact that it is the final integration of all environmental and 
genetic factors affecting plant growth and development during the crop life cycle. Plant 
growth and development are highly affected by many factors including temperature, water 
availability, nutrients, solar radiation, abiotic and biotic stresses and photoperiod. 
Crop growth depends on the ability of the crop to capture resources, such as light, water 
and nutrients, and to convert them to biomass (Messina et al. 2009), and ultimately into 
grains to form the final grain yield. The duration of the crop life cycle, the timing of key 
stages, such as flowering time and physiological maturity, and other plant attributes (i.e. 
tiller number, canopy and root architectures, etc) that affect resource capture, conversion, 
and partitioning, are central to crop growth and, thus, final crop yield.  
2.5.1 Resource capture 
Crop growth and development is constrained by the ability of the crop to uptake water and 
nutrients through its root system and the ability of the leaf canopy to intercept solar 
radiation and perform CO2 assimilation (Albrizio & Steduto, 2005).  
Solar radiation is a crucial resource for crop growth and development. Radiation capture is 
a function of the canopy extinction coefficient (k) and leaf area (Clegg et al., 1974; 
Muchow et al., 1982). The k refers to the ability of the canopy to absorb solar radiation. A 
low k allows light to pass through more readily. k is affected by canopy architecture, 
angular distribution of the incident radiation and spectral properties of leaves, which are 
main determinants of the amount of intercepted radiation (Lafarge & Hammer, 2002b). The 
range of k values observed in sorghum varies from 0.42 to 0.56 (Muchow & Davis, 1988; 
Rosenthal et al., 1993; Lafarge & Hammer, 2002b). However, k varies at different stages 
of crop development, in different plant configurations and among genotypes with varying 
tillering capabilities (Clegg et al., 1974; Zaffaroni & Schneiter, 1989; Lafarge & Hammer, 




Lafarge and Hammer (2002a) did not find any difference in k among planting densities of 
4, 8, and 16 plants m-2 within treatments with tillers, whereas small but significant 
differences were found among density treatments without tillers and between the two 
treatments with and without tillers. In another study, no different k values were found 
among varying population levels (Rosenthal et al., 1993). 
As mentioned above, another factor influencing radiation capture is canopy development 
dynamics, which is the change in leaf area throughout the crop life cycle. Leaf area 
increases from emergence, reaches a maximum value shortly before anthesis and then 
declines afterwards as plant leaves senesce (Hammer et al., 1987; Borrell et al., 2000a; 
Lafarge et al., 2002). The intercepted radiation increases as leaf area increases (Lafarge & 
Hammer, 2002b). Flowering time and tillering are two crucial factors affecting the canopy 
development dynamics and hence the timing and nature of crop water limitations, and 
consequently grain yield (Hammer, 2006). 
Flowering time 
Flowering time influences two important canopy development attributes, total plant leaf 
area and canopy leaf area expansion rate, through the effects of leaf appearance rate and 
leaf number. Total leaf number on the main culm of the plant is determined by leaf 
initiation rate and timing of floral initiation, which is influenced by temperature and 
photoperiod. Leaf initiation rate is the initiation rate of leaf primordia at the growing point of 
the plant. It is expressed as the plastochron, which is the thermal time interval between the 
initiation of successive leaf primordia. Plastochron varies across genotypes of different 
origins. Clerget et al. (2008) conducted a 2-year series of monthly sowing of three 
photoperiod-sensitive Western African sorghum varieties and found that average 
plastochron varied from 38.2 °Cd to 39.0 °Cd for the first 20 leaves and from 80.6 °Cd to 
92.9 °Cd for leaves of rank greater than 20, whereas experiments conducted in Australia 
showed that plastochron was relatively smaller and constant at 21.6 °Cd (Hammer & 
Muchow, 1994). However, Ravi Kumar et al. (2009) found plastochron across genotypes 
including the genotype ATx623/RTx430 used in Hammer and Muchow (1994) varied from 
21.9 °Cd to 26.1 °Cd in Australian environments but varied from 29.5 °Cd to 32.3 °Cd 
when grown under short photoperiod and high temperature in India. 
Floral initiation is both temperature and photoperiod dependent. Development hastens with 
increasing temperature between base (Tb) and optimum (Topt) temperatures and then 
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decreases with further temperature increase between optimum and maximum (Tmax) 
temperatures (Hammer et al., 1989; Craufurd et al., 1998), therefore shortening and 
increasing the time to floral initiation, respectively. By examining the effect of temperature 
on leaf appearance rate, Hammer et al. (1993) and Alagarswamy et al. (1986) found Tb, 
Topt, and Tmax in sorghum to be 11, 32, and 42 °C (Alagarswamy et al., 1986; Hammer et 
al., 1993). On the other hand, photoperiod sensitivity in sorghum ends shortly before or at 
floral initiation stage (Hammer et al., 1989; Alagarswamy et al., 1998). Varietal photoperiod 
responses in sorghum involve three major attributes (Major, 1980) (Figure 2-1). The 
Minimum Photoperiod (MinP) is defined as the lower photoperiod threshold below which 
floral initiation is not influenced by day length and only influenced by the earliness per se 
of the genotype. Earliness per se is also known as the Base Vegetative Phase (BVP), 
defined as the minimal thermal time duration for floral initiation when the plants are not 
responsive to changes in photoperiod. The Maximum Photoperiod (MaxP) represents the 
upper photoperiod threshold above which floral initiation is not delayed further by 
increases of day length. Between MinP and MaxP, the duration of the vegetative stage 
increases proportionally to photoperiod for genotypes with a quantitative response type. 
For genotype with absolute/qualitative response to photoperiod, floral initiation is fully 
inhibited beyond the MaxP and duration becomes theoretically infinite (Clerget et al., 
2004). The different response to photoperiod between MinP and MaxP is defined as the 
photoperiod sensitivity slope (PPS), which expresses the varietal linear increase to floral 
initiation as day length increases. The values of MinP, MaxP, BVP and PPS differ amongst 
genotypes (Alagarswamy & Ritchie, 1991). Major (1980) found MinP and MaxP in 
sorghum to be around 16h and 17.6h, respectively. In contrast, MinP and MaxP reported 
by Ravi Kumar et al. (2009) were much shorter, with 11h for MinP and 13-14h for MaxP, 





Figure 2-1 Responses of floral initiation to photoperiod for genotypes with a quantitative 
response. BVP, base vegetative phase; PPS, photoperiod sensitivity slope; MinP, the 
minimum photoperiod; MaxP, the maximum photoperiod (Adapted from Sangma 2013).  
Variation in duration before floral initiation generates varying numbers of total plant leaves 
on the main culm of the plant, which consequently affect canopy leaf area development 
(Muchow & Carberry, 1990; Hammer et al., 1993) and water use patterns through the crop 
life cycle (Hammer et al., 2005). Previous studies have also shown that variation in leaf 
appearance rate also affect canopy size and change patterns of water use through effects 
on tillering (van Oosterom et al., 2011). 
Leaf appearance rate is expressed as phyllochron, which is the thermal time interval 
between the appearances of successive leaves from the leaf whorl of the plant. Similar to 
leaf initiation rate, leaf appearance rate also varies across genotypes and environment 
conditions. Ravi Kumar et al. (2009) found that phyllochron varied from 34.6 °Cd to 37.1 
°Cd for genotypes grown in Australia but increased to 40.1 °Cd to 45.4 °Cd when grown in 
India under conditions with short photoperiod and high temperature.  
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Flowering time is of crucial importance to the adaptation of a plant such as sorghum to its 
local climatic conditions (Buckler et al., 2009). Sorghum production in temperature regions 
is achieved through the selection of major maturity genes. Previously, classical genetic 
studies have reported that a few major maturity loci, designated Ma1, Ma2, Ma3 and Ma4 
(Quinby, 1967), and Ma5 and Ma6 (Rooney & Aydin, 1999), control the photoperiodic 
sensitivity of flowering in sorghum. More specifically, the first four genes, Ma1–Ma4, inhibit 
flowering under long days but promote flowering under short days. Mutations in Ma1 result 
in the largest decrease in the sensitivity to long days, whereas mutations in Ma2, Ma3 and 
Ma4 have more modest effects on the sensitivity to long days (Quinby 1967); however, 
sorghum varieties with recessive ma1, ma2 and ma3 alleles still flower later under long-day 
conditions than under short days (Pao & Morgan, 1986). Ma5 and Ma6 are not linked but 
interact in a complementary dominant epistatic way to strongly inhibit floral initiation when 
both are present in the dominant form, regardless of day length (Childs et al., 1997; 
Rooney & Aydin, 1999). 
In recent years, due to the development of molecular markers, the complex genetic control 
of flowering time in sorghum has been further investigated. To date, through QTL or 
association mapping, over 360 QTL have been detected in 38 studies, with an average 
number of 9 QTL per study (Lin et al., 1995; Crasta et al., 1999; Hart et al., 2001; Kebede 
et al., 2001; Chantereau et al., 2001; Parh, 2005; Feltus et al., 2006; Brown et al., 2006; 
Ritter et al., 2008; Srinivas et al., 2009; Mace & Jordan, 2010; Shiringani et al., 2010; 
Murphy et al., 2011; El Mannai et al., 2011; Felderhoff et al., 2012; Upadhyaya et al., 
2012a, 2013, Kong et al., 2013, 2018; Mace et al., 2013a; Nagaraja Reddy et al., 2013; 
Phuong et al., 2013; Sakhi et al., 2013; Sangma, 2013; Higgins et al., 2014; Mantilla Perez 
et al., 2014; Wang et al., 2014a; Mocoeur et al., 2015; Zhang et al., 2015; Burks et al., 
2015; Burrell et al., 2015; Gelli et al., 2016; Sukumaran et al., 2016; Zhao et al., 2016; 
Cuevas et al., 2016; Bai et al., 2017; Bouchet et al., 2017; Boyles et al., 2017). However, 
most of these studies were conducted on bi-parental populations from crosses between 
parental lines selected for their diverse phenotypes or diversity panels. Mace et al. (2013a) 
was the first study to extend the understanding of genetic architecture of flowering time to 
cultivated sorghum using a nested association mapping (NAM) population. Mace et al. 
(2013a) identified 40 QTL across NAM families, indicating flowering time is much more 
complicated than observed in bi-parental studies with small populations. The majority (38) 
of the 40 QTL co-located with QTL for flowering time identified in a maize NAM population 




Flowering time is a relatively simply trait with high heritability and easy to phenotype. 
However, the combination of alleles of a small number of genetic loci can generate the 
range of phenotypic variation in flowering time observed in cultivated sorghum (Mace et 
al., 2013a). The variation in flowering among genotypes generates differences in the 
extent and timing of use of water and light resources, and consequently the temporal water 
use patterns between pre- and post-anthesis stages (Hammer, 2006; van Oosterom et al., 
2008, 2011). Thus, phenotypic variations in flowering time (Fischer et al., 1989) can 
complicate the interpretation of breeding trials and the selection of superior parents for 
hybrid production. To improve the accuracy of selection in sorghum breeding programs, it 
will be beneficial to remove the confounding effect of flowering time on grain yield. 
Although the impact of flowering time on sorghum grain yield has been reported in some 
early research (Dalton, 1967; Saeed & Francis, 1986), the studies were conducted only on 
dozens of hybrids and in a limited number of environments. However, the impact of 
flowering time on grain yield and the associated genotype × environment interaction have 
not been reported in production conditions. In addition, flowering time has been shown to 
contribute to genotype × environment interaction in sorghum trials through simulations 
(Hammer et al., 2014) but their contribution in breeding context has not been determined. 
Hence, it is necessary to quantify the impact and to remove the confounding effect of 
flowering time on grain yield.  
Tillering 
Tillering can affect grain yield either by direct influence on grain-bearing panicles or 
indirect influence on leaf area index. Previous studies have shown that the impact of 
tillering on sorghum grain yield depends on the pattern of water usage between pre- and 
post-anthesis (Hammer, 2006). Tillering has a large impact on leaf number and area 
(Hammer et al., 1987) and thus a significant role in crop water usage and adaptation to 
water-scarce environments (van Oosterom et al., 2008) through its impact on canopy 
development. Tillering also plays an important role in biomass accumulation, as tillers can 
increase leaf area, which in turn increases the amount of solar radiation intercepted (Alam 
et al., 2014a) as well as the amount of water loss due to transpiration. Hence, in water-
limited environments, genotypes with less tillers can be more favourable to reduce plant 
size at the vegetative phase, which improves water availability after flowering and thus 
grain yield; in contrast, genotypes with high tiller numbers are more suitable for favourable 
environments to maximise resource absorption and become high yielding (Hammer, 
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2006). Under water limited conditions, high tillering capacity can result in high tiller 
senescence, which may increase competition and reduce the availability of resources for 
the reproductive development on the remaining tillers, and thereby decrease grain yield 
(Lafarge et al., 2002; Kebrom et al., 2013). Under water limiting conditions, grain yield is 
highly related to the extent of post-anthesis water usage (Hammer, 2006; Hammer et al., 
2014)(Hammer et al. 2014). In sorghum, 5-78% of grain yield can be attributed to tillers 
depending on plant density (Lafarge et al., 2002). However, there has been no study 
quantifying the impact of tillering on sorghum grain yield in production conditions.  
Tillering is a crucial trait in adjusting sorghum growth to specific environmental and 
management conditions. The phenotypic plasticity in tillering is controlled by genetic 
diversity, including hormonal regulation and competition for assimilates, and environmental 
conditions and their interactions through their impact on the amount of surplus assimilate 
available per plant to support tiller outgrowth (Beveridge et al., 2003; Kim et al., 2010a,b; 
Alam et al., 2014a). Tillering in sorghum can be associated with internal competition for 
carbohydrate via the carbon supply-demand (S/D) balance of the plant, or an intrinsic 
genetic propensity to tiller. The S/D balance within the plant estimates the environmental 
and genotypic effects on tillering (Kim et al., 2010a; Alam et al., 2014a) but only explains 
part of the genotypic differences in tillering. The remaining variation in tillering associated 
with hormonal effects can be defined by propensity to tiller (Alam et al., 2014a). In crops 
grown under non-limiting water and nutrient conditions, radiation determines crop growth 
(S) and temperature drives canopy development (D) (Kim et al., 2010b). High 
temperatures enhance the demand for assimilates through increased leaf growth rate, 
mainly by increased growth rate of leaf width (Kim et al., 2010a); whereas low radiation 
interception, such as low light intensity, short day-length, high plant density or defoliation, 
reduces assimilate production.  
Tiller development includes two processes – the formation and the outgrowth of a lateral 
bud (Kebrom et al., 2013). Genes controlling these processes have been identified in 
Arabidopsis, rice and maize. During the vegetative development, Ls and LAS (LATERAL 
SUPPRESSOR) regulate the initiation of axillary meristems in tomato and Arabidopsis, 
respectively (Schumacher et al., 1999; Greb et al., 2003). Mutation analyses have shown 
ipa1 (ideal plant architecture1, also known as wfp, wealthy farmers panicle) supresses bud 
outgrowth in rice (Jiao et al., 2010; Miura et al., 2010). In maize, the tb1 (teosinte branched 




outgrowth of axillary buds (Doebley et al., 1995). In sorghum, the phytochrome B pathway 
modulates branching by sensing changes of light intensity and R:FR (red:far-red) ratio. In 
high density conditions, plants display a “shade response”, a growth response to changing 
light conditions that involves elongation of plant internodes and suppression of branching 
because of increased absorbance of red light by the chlorophyll of surrounding plants. 
Shade avoidance responses might impair crop yield under high-density plantings because 
repartitioning of assimilates to stem growth would possibly result in yield penalty. This 
response involves a complex network of blue, red, far-red and ultraviolet photoreceptors 
that transduce light signals into changes in gene expression, protein stability and hormone 
action (Sawers et al., 2005). In the sorghum phyB-1 mutant, apical dominance is improved 
through the inhibition of bud outgrowth (Kebrom, 2006). The growth of the axillary bud in 
the first leaf axil of the phyB-1 mutant plant was found to be restricted after 6 days of 
planting. Additionally, expression levels of the dormancy-associated genes, SbDRM1, 
GT1, AF1 and CKX1 increased, whilst ENOD93, ACCoxidase, ARR3/6/9, CGA1, and 
SHY2 decreased (Kebrom & Mullet, 2016). Genes encoding a SWEET transporter and cell 
wall invertase were found to be up-regulated in wild type plants after 7/8 days of planting. 
It has been suggested that increased expression of the SWEET transporter in the phloem 
could assist the sucrose upload into the apoplast where the cell wall invertase generates 
monosaccharides for uptake and utilisation to support bud growth (Kebrom & Mullet, 
2016). 
As tillering/branching is a quantitative trait, a large number of tillering/branching QTL have 
been identified in sorghum. Thirteen studies have reported 153 QTL for tillering capacity 
(Paterson et al., 1995c; Hart et al., 2001; Feltus et al., 2006; Murray et al., 2008b; 
Shehzad et al., 2009; Shiringani et al., 2010; Takai et al., 2012; Upadhyaya et al., 2012b; 
Alam, 2013; Sakhi et al., 2013; Alam et al., 2014b; Kong et al., 2014; Shehzad & Okuno, 
2014). 
Even though much progress has been made towards the control of tillering in sorghum, 
breeding for yield improvement by regulating tillers has not yet been achieved (Kebrom et 
al., 2013). Development, fertility and contribution to yield of a specific tiller are highly 
dependent on growing conditions at the time of tiller emergence, particularly via early leaf 
area development of the tiller, which affects its subsequent leaf area accumulation 
(Lafarge et al., 2002). Therefore, phenotypic variations in tillering can complicate the 
interpretation of grain yield in breeding trials, which constrains the genetic gain of grain 
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yield. Hence, it is necessary to quantify the impact and to remove the confounding effect of 
tillering on grain yield. 
Root architecture 
Water and nutrient availability constrain plant growth and development worldwide (Lynch, 
1995), especially in dryland agricultural production systems. Water and nutrient capture 
depends not only on the nature of the soil profile, such as the soil moisture and the soil 
water-holding capacity, but also root system architecture (RSA) (Hammer et al., 2005). 
The importance of root architecture in plant productivity derives from the fact that most soil 
resources, such as water and nutrients, are distributed unevenly, so that the spatial 
distribution of roots will significantly determine the acquisition of edaphic resources by a 
plant (Lynch, 1995). RSA is the underground spatial configuration of a root system and 
describes the shape and structure of root systems (de Dorlodot et al., 2007), such as root 
angle. The underground spatial configuration of a root system can influence the extent and 
timing of access to water and nutrients to support crop growth (Manschadi et al., 2006; 
Singh et al., 2012). In sorghum, narrow first flush nodal root angle is associated with more 
root length density directly beneath the plant, whereas wide nodal root angle is linked with 
more lateral roots, which results in more lateral water uptake (Singh et al., 2012).  
In cereal crops, the possible role of root systems in productivity determination has been 
indicated by the co-localisation between QTL for root traits and crop productivity (yield, 
water use or nutrient capture) (de Dorlodot et al., 2007). Other studies have provided 
evidence for the role of root architecture on increasing crop yield, for example, DRO1 
(DEEPER ROOTING 1) controls deep root development in rice and its introgression into a 
shallow rooting rice cultivar resulted in deeper roots and yield improvement under drought 
stress (Uga et al., 2013). In wheat, acquisition of each extra millimetre of water during 
grain filling can yield an addition of 55 – 59 kg ha-1 grain (Manschadi et al., 2006; 
Kirkegaard et al., 2007). Similarly, in the simulation by Hammer (2006), an additional 10 
mm water captured from the soil profile would increase sorghum yield substantially with 
lower levels of in-season rainfall (Hammer, 2006). The importance of root angle in 
sorghum performance is indicated by the co-location of QTL for RSA with stay-green QTL. 
Mace et al. (2012) conducted QTL mapping on nodal root angle and found four QTL, all of 
which co-located with QTL for stay-green. In addition, using single marker analysis, they 




2.5.2 Resource conversion efficiency 
Crop growth and development are also constrained by the conversion efficiency of water 
absorbed and radiation intercepted. However, crop production is often affected by either 
water or radiation but not both. Under well-watered conditions, crop biomass is the product 
of the amount of radiation intercepted and radiation use efficiency; whereas under drought 
conditions, crop biomass is the product of soil moisture available to the crop and 
transpiration efficiency (Hammer et al., 2010).  
Radiation use efficiency (RUE) 
RUE is the amount of plant biomass accumulated per unit of solar radiation intercepted by 
the plant canopy. RUE describes the efficiency of translating intercepted radiation into net 
above-ground biomass. Although there is little variation in RUE within species, RUE is 
affected by leaf quantum efficiency per unit incident radiation and the maximum leaf 
photosynthetic assimilation (Sinclair & Muchow, 1999). Large variations in leaf 
photosynthetic rate are required to result in substantial variations in RUE (Sinclair & Horie, 
1989). Therefore, any biotic or abiotic factor that reduces plant photosynthesis will 
decrease RUE (Sinclair & Muchow, 1999).  
RUE can be derived from the photosynthetic response to light of canopy leaves and is 
dependent on the leaf nitrogen status (SLN), via effects on maximum photosynthetic rate 
(Sinclair & Horie, 1989). RUE measures the canopy-level photosynthesis that affects crop 
productivity (Messina et al., 2009). Previous studies have shown that low SLN leads to low 
RUE in sorghum (Muchow & Sinclair, 1994). In addition, leaf quantum efficiency is also 
thought to depend on SLN, with decreased quantum efficiency associating with low SLN 
(Muchow & Sinclair, 1994). RUE in sorghum has also been reported to be associated with 
plant stature. Using isogenic lines differing in only one gene (dw3), George-Jaeggli et al. 
(2013) found that tall genotypes generally had higher pre-anthesis RUE than their short 
counterparts This reflected findings for short and tall sorghum hybrids reported by Hammer 
et al. (2010) who also observed that taller sorghum partitioned more nitrogen to stem, 
resulting in lower SLN of leaves in conjunction with the higher total and stem biomass. 
Transpiration efficiency (TE) 
TE is the total plant biomass accumulated per unit of water used for transpiration. TE 
defines the efficiency of water use and is affected by the aerial environment through the 
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impact of vapour pressure deficit (VPD) on water transpiration (Hammer et al. 2005). The 
impact of TE on grain yield is best defined by the formula Yield = Transpiration × TE × 
Harvest index (Passioura, 1983). Therefore, grain yield can be increased by improving TE. 
Simulations in sorghum have found that increasing TE in sorghum by limiting maximum 
transpiration rates at times of the day with greatest vapour pressure deficit (VPD) reduces 
pre-anthesis water use allowing increased post-anthesis water availability, resulting in 
increased grain yield under water deficit environments (Sinclair et al., 2005). Since CO2 
assimilation and water transpiration processes occur simultaneously via stomata, plants 
have developed resource optimisation mechanisms (Cowan, 1982) to establish a strict link 
between CO2 assimilation and water transpiration (Hsiao & Bradford, 1983). Hence, 
restricting transpiration by reducing stomatal conductance also restrict CO2 uptake and 
causes a yield penalty in favourable environments without water stress (Sinclair et al., 
2005). Similar results were reported for maize by Messina et al. (2005) by restricting 
maximum transpiration rate at high VPD (Messina et al., 2015).  
TE has long been recognised as an important target of crop breeding programs because 
of the crucial importance of water limitations to crop yield (Leakey et al., 2019). Although 
genotypic differences in TE have been reported in sorghum (Hammer et al., 1997; 
Mortlock & Hammer, 1999; Xin et al., 2009; Vadez et al., 2011; Geetika et al., 2019), the 
complexity of TE makes it hard to use as a direct target of selection in breeding programs 
(Sinclair, 2012). Hence, to make it readily available for use for selection, component traits 
of TE need to be identified. Geetika et al. (2019) identified transpiration per unit green leaf 
area as a promising component trait of TE for this purpose (Geetika et al., 2019).  
2.5.3 Partitioning of biomass into grains 
Grain yield is also determined by the proportion of total biomass partitioned into grains. 
Grain yield is the product of grain weight and grain number per unit area. Grain number 
and grain weight are often negatively correlated as observed previously in sorghum 
(Heinrich et al., 1983; Yang et al., 2010; Burow et al., 2014) and other cereal crops (Li et 
al., 1997; Griffiths et al., 2015). The negative association between grain weight and grain 
number has a substantial influence on breeding approaches towards increased genetic 
yield gain. Grain number and weight may be compensated for each other, but to varying 




Grain weight is determined by grain growth rate and the duration of grain filling. Final grain 
weight is often closely related to grain growth rate (Bruckner & Frohberg, 1987; Santiveri 
et al., 2002), whereas its relation to the duration of grain filling varies across environments 
and cultivars (Bruckner & Frohberg, 1987; Darroch & Baker, 1990; Santiveri et al., 2002; 
Egli, 2004). By comparing grain filling characteristics of the large seeded sorghum line 
KS115, its hybrids, and normal-seeded genotypes, Yang et al (2010) found that genotypic 
variation in grain weight was due to variations in both the rate and duration of grain filling. 
Since grain growth rate is mostly determined during the first grain-filling stages, it overlaps 
with flowering and the grain number determination period (Smith & Fretwell, 1974; Sadras, 
2007; Gambín & Borrás, 2010). As such, grain growth rate shows consistent trade-off 
relationships with grain number in many species (Gambín & Borrás, 2011). Therefore, 
Yang et al (2010) concluded that it seemed enhanced grain yield was mainly achieved 
through prolonged grain filling duration rather than an increased grain filling rate. 
In cereal crops that produce tillers, genetic variation in grain number is larger than genetic 
variation in grain weight because of natural and artificial selection (Tao et al., 2018), 
resulting in grain number being the primary determinant of grain yield and the target of 
selection for improved yield. Grain number per unit area is determined by plant density, 
average number of fertile panicles per plant, and seed number per panicle. To avoid the 
inaccurate estimation of grain number due to the interaction of these component 
parameters, a number of studies have identified other traits that can be used to estimate 
grain number per unit area. Heiniger et al (1997) used growth during the period between 
panicle initiation and start of grain filling to estimate grain number in sorghum. Gerik et al 
(2004) found that grain number in sorghum is more closely related with dry biomass 
accumulation around anthesis than dry biomass accumulation soon after floral initiation. 
Similarly, Gambín and Borrás (2013) found that variation in grain number was associated 
with difference in crop growth rate around flowering. In addition, they found genotypic and 
environmental variation in grain number resulted from differences in biomass partitioning 
to reproductive structures around flowering and considered grain set per unit of 
accumulated reproductive biomass. After analysing a number of experiments with varying 
levels of water and nitrogen, van Oosterom and Hammer (2008) found grain number was 
linearly correlated with crop and panicle growth rate at anthesis. While the correlation of 
grain number with crop growth rate at anthesis varied for tall and short sorghum hybrids, 
its correlation with panicle growth rate at anthesis was independent of plant height. The 
timing and intensity of water stress can largely affect grain number (Gerik et al., 2004). van 
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Oosterom and Hammer (2008) observed a linear relationship between grain number and 
panicle biomass at maturity (excluding grains), which was not affected by plant stature and 
water availability. 
The genetic basis of grain yield and its component traits have been investigated in multiple 
previous studies. Although genes controlling grain number or grain size have not yet been 
cloned in sorghum, 360 QTL controlling grain yield and its components such as number of 
panicles per plant, seed number, grain weight, grain size, panicle weight, spikelet number 
have been identified (Paterson et al., 1995a,b; Pereira et al., 1995; Tuinstra et al., 1997; 
Rami et al., 1998; Brown et al., 2006; Feltus et al., 2006; Murray et al., 2008a,b; Ritter et 
al., 2008; Srinivas et al., 2009; Shiringani et al., 2010; Sabadin et al., 2012; Takai et al., 
2012; Upadhyaya et al., 2012b; Felderhoff et al., 2012; Nagaraja Reddy et al., 2013; 
Phuong et al., 2013; Rajkumar et al., 2013; Sakhi et al., 2013; Rama Reddy et al., 2014; 
Witt Hmon et al., 2014; Hufnagel et al., 2014; Mocoeur et al., 2015; Shehzad & Okuno, 
2015; Zhang et al., 2015; Burks et al., 2015; Han et al., 2015; Boyles et al., 2016, 2017; 
Spagnolli et al., 2016; Sukumaran et al., 2016; Zhao et al., 2016; Gelli et al., 2016; Bai et 
al., 2017; Tao et al., 2018). The identification of novel QTL for grain number and grain 
weight have provided opportunities to increase grain yield by increasing both grain number 
or grain weight in sorghum (Gambín & Borrás, 2011; Boyles et al., 2016; Tao et al., 2018). 
2.5.4 Grain yield under water stresses 
Water availability is the primary constraint to sorghum production worldwide (Rosenow et 
al., 1997), with the crop often being exposed to water deficit (Chapman et al., 2000b; 
Bandaru et al., 2006; Kholová et al., 2013; Hammer et al., 2014). Reduction in sorghum 
grain yield by drought depends on the timing and intensity of water stress and genotypes, 
with up to 87% yield reduction during booting and flowering in early flowering genotypes 
(Craufurd & Peacock, 1993).  
Impact of stay-green on grain yield 
Stay-green is a target trait of selection for drought adaptation in sorghum and many other 
cereal crops. The trait maintains green leaf area during post-anthesis drought stress 
(Rosenow et al., 1983; Borrell et al., 2000a). It has been shown to increase grain yield 
under drought conditions (Henzell et al., 1992; Borrell et al., 2000b), and there is no 




under well-watered conditions. The trait has been successfully selected to provide 
resistance to post-anthesis drought stress in America (Rosenow et al., 1983, 1997) and in 
Australia (Henzell et al., 1992; Henzell & Hare, 1996; Jordan et al., 2012). 
Many studies have investigated the mechanism of stay-green to improve sorghum 
performance under post-anthesis drought stress. The stay-green phenotype is associated 
with high nitrogen content per unit leaf area (SLN) at the start of grain filling (Borrell & 
Hammer, 2000). High SLN has been shown to maintain high levels of potential 
photosynthesis in sorghum (Muchow & Sinclair, 1994). Stay-green reduces canopy size at 
flowering by reducing tillering capacity and the size of upper leaves (Borrell et al., 2014b), 
and accelerating age-related senescence of lower leaves (George-Jaeggli et al., 2017), 
which reduces pre-anthesis water demand and increasing water availability during post-
anthesis water stress (Borrell et al., 2014a). The stay-green trait is also likely to increase 
water availability during grain filling through modified root architecture (Mace et al., 2012). 
These strategies maintain green leaves for a longer period. Genotypes that maintain green 
leaves under post-anthesis drought conditions produce more biomass than senescent 
genotypes (Borrell et al., 2000b) and increases soluble sugars during grain filling, thereby 
reducing the translocation of assimilates from the stem to fill grains (Duncan et al., 1981; 
Mcbee et al., 1983). Remobilisation of reserves from stems weakens the stem strength. As 
previously discussed, the stay-green trait has long been recognised as providing 
resistance to stalk lodging (Rosenow et al., 1997), with multiple previous studies observing 
that genotypes with a good level of stay-green have also been observed to have good 
resistance to stalk lodging (Henzell et al., 1984; Rosenow, 1984; Rosenow et al., 1997). 
Previous studies have identified four major QTL, Stg1–4 and many additional QTL of minor 
effects for sty-green and its component traits (Tuinstra et al., 1997; Crasta et al., 1999; 
Tao et al., 2000; Xu et al., 2000; Kebede et al., 2001; Haussmann et al., 2002; Feltus et 
al., 2006; Sabadin et al., 2012; Rama Reddy et al., 2014; Wang et al., 2014a). Stg1 and 
Stg2 are located on SBI-03 and explain up to 20% and 30% of the phenotypic variability, 
respectively. Stg3 is located on SBI-02 and Stg4 on SBI-05, accounting for up to 16% and 
10% of the phenotypic variance, respectively. B35 is the main source of stay-green used 
for most QTL mapping studies (Tuinstra et al., 1997; Crasta et al., 1999; Subudhi et al., 
2000; Tao et al., 2000; Xu et al., 2000; Rama Reddy et al., 2014). One study mapped stay-
green QTL using recombination inbred lines (RILs) derived from E36-1 (Haussmann et al., 
2002) and one using RILs from SC56 (Kebede et al., 2001). Genetic studies have shown 
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that the B35 genes conferring the stay-green trait act with varying levels of dominance 
(Walulu et al., 1994) but act additively for the onset of senescence (van Oosterom et al., 
1996). 
Grain yield affected by lodging 
One of the consequences to post-anthesis drought stress is lodging (Rosenow et al., 
1983). Both environmental conditions and production management practices play an 
important role in changing lodging risk. A number of production and management 
decisions such as variety choice, seed rate, and fertiliser application can affect lodging 
substantially, likely through changing the carbon supply and demand within the plant. For 
instance, Loyce et al. (2008) investigated the lodging intensity in various crop 
management strategies across multi-environments and found that lodging was higher 
under the high-input levels, while lodging was lower in low-input levels (Loyce et al., 2008; 
Zhang et al., 2014).  
As described previously, lodging that occurs following a water stress during the grain filling 
stage causes the most grain loss world-wide, especially in regions where grains are 
harvested mechanically (Johnson et al., 1997). However, yield losses caused by lodging in 
grain sorghum in field conditions are not well documented. In addition, the occurrence and 
severity of lodging in sorghum have not been reported to date. 
Although multiple studies have been conducted to understand lodging in other cereal 
crops, the mechanism of lodging in sorghum is poorly understood to-date. However, 
lodging is thought to be caused by the source-sink relation of carbohydrate, stalk rots, and 
their interaction (Henzell et al., 1984). Lodging resistance has been reported to be 
positively correlated with increased basal internode diameter, and the increased weight of 
both a 5-cm basal section and a peduncle section (Esechie et al., 1977). To date, only 
seven QTL conferring lodging resistance have been identified in sorghum, with one each 
detected on chromosomes 1, 5, and 7, and two each on 4 and 6 (Kebede et al., 2001; 
Murray et al., 2008; Srinivasa Reddy et al., 2008). All those studies were conducted in 
small bi-parental populations (93-176 individuals) in limited number (1-3) of environments. 
As lodging is a complex trait, it is critical that larger populations are used in such studies to 
determine the genetic architecture of lodging in sorghum.
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Chapter 3 The Impacts of Flowering Time and Tillering on Grain Yield of Sorghum 
Hybrids across Diverse Environments 
Abstract 
Sorghum in Australia is grown in water-limited environments of varying extent, generating 
substantial genotype × environment interaction (GEI), which restricts genetic improvement 
of grain yield. Much of the yield variation and GEI results from variations in flowering time 
and tillering through their effects on canopy leaf area development and, hence, water use 
patterns throughout the crop life cycle. Although flowering and tillering capacity are 
relatively simple traits, they affect grain yield by interacting in complex ways with the 
environment to change water use patterns between pre- and post-anthesis stages. The 
confounding effects of flowering and tillering capacity complicate the interpretation of 
breeding trials. In this study, we evaluated the impacts of both flowering time (DTF) and 
fertile tiller number per plant (FTN) on yield of 1741 unique test hybrids resulting from 
crosses between 1078 elite male parents and three female testers in 21 yield testing trials 
of the sorghum pre-breeding programs across the major sorghum production regions in 
Australia in three summer growing seasons. Contributions of DTF and FTN to genetic 
variation in grain yield were significant in 14 and 12 tester/trial combinations, respectively. 
The proportion of genetic variance in grain yield explained by DTF and FTN ranged from 
0.2% to 61.0% and from 1.4% to 56.9%, respectively, depending on trials and genetic 
background of female testers. The relationship of DTF or FTN with grain yield of hybrids in 
the whole data set was frequently positive, but varied depending on the genetic 
background of testers. It was expected that DTF and FTN would be responsible for a 
considerable proportion of GEI for yield between trials. However, accounting for the effects 
of DTF and FTN using linear models did not substantially increase the between trial 
genetic correlations for grain yield. The results suggested that the impact of other factors 
affecting canopy development dynamics and grain yield might contribute GEI and/or the 
linear approach to account for DTF and FTN on grain yield did not capture the complex 
non-linear interactions. This suggests approaches that capture the dynamic interplay of 
traits such as crop growth models may be more effective in dealing with problems plant 
breeders face when dealing with GEI for grain yield. 





Drought, Fertile tiller number per plant, Flowering time, Genotype × environment 
interaction, Grain yield, Sorghum 
3.1 Introduction 
Cereal crop improvement in dryland conditions is substantially impeded by the complexity 
of genotype × environment interactions (GEIs) that re-rank genotypes in multi-environment 
trials (Chapman et al., 2000a,b,c). Plant breeders can use one of two strategies, either 
ignore GEIs and select for broad adaptation or exploit the interactions by selecting for 
specific adaptation to types of environments. An understanding of the causes of the GEIs 
can be useful for designing breeding strategies and agronomic approaches for either 
scenario. 
GEIs are common in rain-fed water limited environments where the interaction of variable 
genotype attributes and plant available water results in variable intensity and degree of 
water stress. In rain-fed environments, crops rely on within-season rainfall and the stored 
water accumulated during a previous fallow (Passioura & Angus, 2010; Jordan et al., 
2012). Varying in depth and water holding capacity, soils can generally accumulate a small 
proportion (e.g. 25-30% in Australia, Passioura and Angus, 2010) of the precipitation 
received during the fallow period and rarely store adequate water for a crop to produce 
grain without some rainfall during the growing season (Jordan et al., 2012). This often 
results in cereal crops grown in various water-limited conditions (Chapman et al., 2000b; 
Bandaru et al., 2006; Heinemann et al., 2008; Chenu et al., 2011; Kholová et al., 2013), 
especially in terminal water stress conditions when soil moisture is depleted during the 
grain-filling period due to limited in-season precipitation. 
The impact of water stress on grain yield varies depending on the physiological stage of 
the crop at which it occurs and the intensity of the water stress (Hammer et al., 2014). For 
example in sorghum, grain yield under drought conditions is highly influenced by the 
temporal water use patterns between pre- and post-anthesis stages (Hammer, 2006; 
Borrell et al., 2014a,b). In water limited environments, when a total of only 150mm water is 
available during the whole crop life cycle, a sorghum crop will produce only about 1.6 t ha-1 
of grain if all water is used by anthesis and no water remains for use after anthesis. 




management or genetics, grain yield can be more than doubled, potentially achieving 3.5 t 
ha-1 (Hammer, 2006). 
Plant researchers have successfully classified crop growing environments into different 
environment types (ETs) based on the temporal dynamics of a crop water stress index 
(Chapman et al., 2000b; Chenu et al., 2011; Kholová et al., 2013; Hammer et al., 2014; 
Lake et al., 2016), which is the ratio of potential soil water uptake to crop water demand. 
These ETs, which vary in frequency across regions and seasons, generate differing 
scenarios of water availability for crop breeding programs. The range of water availability 
in different ETs and the associated range in timing and intensity of water shortage 
generate substantial GEI across locations and seasons (Chapman et al., 2000c). 
Both flowering time and tillering can influence GEI by changing canopy leaf area, and 
hence the timing and intensity of water stress during the crop life cycle. Flowering time is 
related to two important canopy development attributes, total plant leaf area and canopy 
leaf area expansion rate, through the effects of leaf number and leaf appearance rate. 
Total leaf area on the main culm is largely determined by effects of temperature and 
photoperiod on the timing of floral initiation (Ravi Kumar et al., 2009) with more leaves 
initiated for later maturing genotypes. The rate of canopy leaf area development is 
influenced by the rate of appearance of these initiated leaves (van Oosterom et al., 2011). 
Generally, maximum leaf area of the plant is reached shortly before flowering (Hammer et 
al., 1993). Tillering, on the other hand, can change canopy size by introducing more culms 
per plant (Hammer et al., 1987; van Oosterom et al., 2008; Kim et al., 2010a). Non-
productive tillers normally cease leaf area expansion early in the crop life cycle and die 
consecutively between full expansion of the final leaf on the main culm and plant maturity, 
therefore having minor effects on canopy size (Lafarge & Hammer, 2002a; Lafarge et al., 
2002). In contrast, tillers that continue to grow and become fertile may account for up to 
63% of leaf area index (Hammer et al., 1987). 
While flowering and tillering are relatively simple traits with high heritability, they may 
interact in a complex way with the growing environment to affect grain yield via their 
effects on canopy development dynamics. Hence, variations in flowering and tillering 
among genotypes generate differences in the extent and timing of use of water and light 
resources, and consequently the temporal water use patterns between pre- and post-
anthesis stages (Hammer, 2006; van Oosterom et al., 2008, 2011). When water availability 
is limited, plants that use more water for vegetative growth before flowering leave less 




water for growth during the grain-filling period. In terminal stress environments, for 
example, early maturing genotypes with less tillers may produce higher yield since plants 
use less water before flowering as a result of the smaller canopy and leave more water for 
grain filling, whereas late maturing genotypes with more tillers and larger canopies 
produce lower yield as they extract more water from the soil profile during the pre-anthesis 
stage, thus leaving less or no water for grain filling. On the other hand, in favourable 
environments with sufficient water, late flowering, high tillering hybrids produce high yield 
because there is enough water available for the larger canopy before flowering without 
restricting the amount of water that can be used during grain filling. 
Thus, phenotypic variations in flowering time (Fischer et al., 1989) and tillering (Alam et al., 
2017) complicate the interpretation of breeding trials and the selection of superior parents 
for hybrid production. To improve the accuracy of selection in sorghum breeding programs, 
it will be beneficial to remove these confounding effects of flowering time and tillering on 
grain yield. Although the impact of flowering time on sorghum grain yield has been 
reported in some early research (Dalton, 1967; Saeed & Francis, 1986), the studies were 
conducted only on dozens of hybrids and in a limited number of environments. Similarly, 
although the contribution of fertile tiller number per plant (FTN) to grain yield has been 
investigated by growing a single hybrid at various densities (Lafarge et al., 2002), FTN is 
not normally incorporated into the analysis of yield of a crop breeding program due to the 
intensive labour requirement for data collection. 
Conceptually, flowering and tillering contribute to GEI in sorghum trials (Hammer et al., 
2014) but their contribution has not been determined directly. This study aims to examine 
the impacts of flowering time (DTF) and FTN on grain yield using data from large-scale 
yield testing trials. These trials involved a large number of elite male parents and F1 
hybrids grown across the major sorghum production regions in Australia during the 2015-
17 summer growing seasons. The proportions of genetic variation in grain yield explained 
by linear mixed models including DTF or FTN as a fixed effect were determined. 
3.2 Materials and Methods 
3.2.1 Breeding Trials 
A total number of 1741 unique hybrids were grown in 21 trials at 15 locations across the 




and northern New South Wales (NNSW) in the three consecutive summer growing 
seasons of 2015-17. Hybrids were derived from crosses between 1078 elite male parents 
and three female testers at both the preliminary (PYTMales) and advanced yield testing 
(AYTMales) stages of the Australian sorghum pre-breeding program (Jordan et al., 2012). 
Trials were arranged in partially replicated designs (Cullis et al., 2006) with around 23-35% 
of hybrids replicated at least twice (Table S3-1). A different design was used in each 
individual trial to reduce the possibility of error effects due to spatial variations specific to 
each trials (Jordan et al., 2012). The number of hybrids grown per trial ranged from 445 to 
925 depending on the season and location, with entries in the trials including both test 
hybrids and a range of commercial hybrids. 17-25% of test hybrid were replicated twice per 
trial, while the remaining test hybrids were not replicated and commercial hybrids were 
replicated from once to twelve times depending on the trial. All plots consisted of two rows 
of 5-metre length. The trials used a solid row configuration. Row spacing was 0.76 metre 
for 2015 trials at Warwick and Gatton, and 2015-16 trials at Blackville, Warwick and 
Pirrinuan, whereas it was 1 metre for the other trials. Trials were managed according to 
local management practices. Trials are indicated by a combination of trial type (“AYTM” for 
AYTMales and “PYTM” for PYTMales), season (such as “16” for 2016), and location (such 
as “WAR” for Warwick). The details of the trials are presented in Table S3-1. 
The three female testers used in this study, B010054, B963676, and B986604, were 
originally selected to provide contrasting levels of stay-green. Stay-green is an important 
trait providing tolerance to drought in sorghum and selection of the trait is carried out by 
visually selecting genotypes with green leaves during grain filling or after maturity when 
there is water stress (Rosenow 1977; Rosenow and Clark 1981; Borrell et al. 2014a, b). 
While the three female testers also vary in flowering, tillering and yield potential, they 
share varying degrees of ancestry (Table 3-1). The three testers are elite parental lines 
and are widely used in the Australian sorghum pre-breeding programs. The PYTMales trial 
at Warwick in 2015 (PYTM15WAR) was in the first-year yield testing scheme of the pre-
breeding program. The male lines evaluated in the AYTMales trials were either advanced 
from PYTMales trials with poor performing lines removed or retested from AYTMales trials 
in the previous years. The male lines advanced from this early-stage selection still 
possessed substantial genetic variance for grain yield, flowering and tillering capacity. In 
each season, the plan was to produce a complete factorial combination of hybrids by 
crossing all males to all three female testers in 2015 and two of them, B963676 and 
B986604, in 2016 and 2017. The actual number of hybrid combinations that were 
evaluated in a specific season and location was constrained due to failures in seed 




production. There was no planned selection for or against certain combinations of females 
and males. Different sets of males were assessed in different seasons but with a number 
of males in common between years. Some males were tested in a single season and then 
removed from further testing due to bad performance, whereas others were evaluated in 
all three seasons. The male lines shared various levels of ancestry as they included many 
sets of siblings from the same bi-parental crosses. 
Flowering time (days to flowering after sowing, DTF), defined as the number of days from 
sowing to the time when 50% plants in the plot had flowered half way down the panicle, 
was recorded in each plot. The number of plants and fertile tillers bearing grain were 
manually counted after maturity on a 1-metre length of row to obtain the average number 
of fertile tillers per plant (FTN) per plot. Establishment of each plot was scored on a 1-9 
scale after either emergence or maturity, with 1 indicating very good establishment and 9 
indicating no established plants. Plots were harvested separately after maturity and the 
grain weight per plot was recorded automatically by the plot harvester and later converted 
to tonnes per hectare. 
Table 3-1 Quantitative comparisons of stay-green rating, flowering time (DTF), fertile tiller 
number per plant (FTN) and yield potential for the three female testers. 
Female 
parent 
Stay-green rating   
DTF 








2015 2016 2017   2015 2016 2017   Overall   2015 2016 2017 
B010054 8.1 -a - 
 




4.34 - - 
B963676 6.5 4.3 6.2b 
 




5.50 5.03 4.21 
B986604 6.4 4.7 6.3b   55.1 63.6 70.4   0.9   5.47 5.02 4.14 
aB010054 hybrids were not grown in the 2016 and 2017 seasons; bstay-green ratings of 
B963676 and B986604 in 2017 were estimated from one single trial in the 2017 season as 
the phenotype was only expressed in this trial. Grain yield data were not available for this 





3.2.2 Data analysis 
DTF and FTN were collected in 17 and 11 of the 21 trials. Spatial variations in DTF, FTN, 
and grain yield were accounted for in each trial and a variance structure was subsequently 
generated to create correlations between trials in a factor analytic (FA) framework (Smith 
et al., 2001). Together with a genetic variance per trial derived from the analysis, FA 
loadings were obtained and used to create a pair-wise correlation matrix across the trials. 
GEI for each trait was quantified by considering the correlation matrix between trials 
(Jordan et al., 2012). The mean genetic correlations of DTF and FTN across the 17 and 11 
trials were 0.66 and 0.76, respectively, suggesting low G×E interaction for the two 
individual traits. Lack of correlations between certain trials was due to the heterogeneity of 
variation rather than re-ranking (data not shown). This allowed that an overall BLUP for 
DTF and FTN from the analyses of multi-environment trials (MET) could be used to 
indicate the flowering time and tillering capacity, respectively, for each hybrid across all 
trials. MET analysis was conducted for each trait and the overall BLUPs (best linear 
unbiased predictions) for DTF and FTN were predicted for each genotype to determine the 
impact of DTF and FTN on yield. Broad-sense heritability was estimated according to the 
formula of Cullis et al. (2006) due to the implementation of spatial models in this study. 
To quantify the contribution of DTF and FTN to genetic variance of grain yield (hereafter 
referred to as “genetic yield variance”), male lines were modeled within female testers. 
Firstly, initial genetic yield variances of males within each tester were estimated by setting 
effects of males within testers (Male|Tester) as a random term in Model 1 (initial model). 
As DTF and FTN are relatively simple traits with high heritability, they were fitted 
individually into the models for yield analysis. While the three female testers have different 
flowering and tillering potential, they were expected to display different general combining 
abilities for the three traits, which could probably confound the impacts of DTF and FTN on 
grain yield investigated in this study. Therefore, effects of DTF (DTF|Tester) and FTN 
(FTN|Tester) were fitted as a fixed effect within female testers in Model 2 and 3 
respectively. After accounting for the spatial variation in yield, genetic yield variance of 
males within each tester was quantified. The proportion of genetic yield variance of males 
within each tester due to variations in DTF and FTN was subsequently calculated 
according to equation (1) and (2) respectively.  
Yield = TestGeno + establishment + Tester + Male|Tester + spatial variation + residuals 
(Model 1), 




Yield = TestGeno + establishment + Tester + Male|Tester + DTF|Tester + spatial variation 
+ residuals (Model 2), 
Yield = TestGeno + establishment + Tester + Male|Tester + FTN|Tester + spatial variation 
+ residuals (Model 3),  
where TestGeno is a vector of logical variables with ‘yes’ representing the male parent of a 
test hybrid and ‘no’ representing a commercial hybrid; establishment is a score of 1-9 
indicating the establishment of a plot. 
       (1), 
       (2), 
where Genetic yield variance_Model 1, Genetic yield variance_Model 2, and Genetic yield 
variance_Model 3 are the genetic yield variances estimated from Model 1, 2, and 3 
respectively. 
To assess the relation of DTF or FTN to grain yield of sorghum hybrids in production 
environments, hybrids were grouped within female testers to remove the main effects of 
testers on DTF, FTN, and grain yield to better estimate the underlying relationships 
between yield and the other two traits. The effects of female testers, DTF, and FTN were 
fitted as fixed terms, whereas the effects of hybrids and spatial variation were considered 
as random terms in Model 4 and 5.  
Yield = establishment + Tester.present + Tester + B1 × DTF|Tester + hybrids + spatial 
variation + residuals (Model 4), 
Yield = establishment + Tester.present + Tester + B2 × FTN|Tester + hybrids + spatial 
variation + residuals (Model 5), 
where Tester.present indicates the presence of female testers, with ‘yes’ for test hybrids 
and ‘no’ for commercial hybrids; B1 and B2 are the regression coefficients of DTF and FTN 




For each trial, a mixed model was implemented in the asreml package (Butler et al., 2009) 
in R software in Rstudio (R Core Team, 2016; RStudio Team, 2016) for the analysis. 
As only three and two hybrids were involved from crosses with female B010054 and 
B986604, respectively, for trial PYTM15WAR, the regression coefficients of DTF and FTN 
on yield for hybrids of these two testers in that trial were not reported. Therefore, the 
regression coefficients (B1 and B2) from the remaining 48 tester/trial combinations were 
presented and plotted against the mean yield of all hybrids within the corresponding 
tester/trial combinations. 
3.3 Results 
3.3.1 Phenotypic evaluations 
DTF data were collected for 17 of the 21 trials. A great range in DTF was observed for the 
17 trials. Differences in DTF of the latest and earliest genotypes within individual trials 
varied from 10 to 20 days, with average DTF varying from 48.4 to 81.7 days after sowing 
(Table 3-2). Heritability for DTF was consistently high, varying from 60.5% to 87.8% across 
the trials with a mean of 72.2% (Figure 3-1A). As DTF of the three testers was very similar 
(Table 3-1), with less than one-day difference, and the inheritance of DTF is predominantly 
additive, their corresponding hybrids differed little in DTF across the trials (Figure S3-1). 
FTN data were collected for 11 of the 21 trials. A great range in FTN was observed for the 
11 trials. Differences in FTN of hybrids with the most and least tillers within individual trials 
varied from 1.0 to 5.0 fertile tillers per plant (Table 3-2). Heritability for FTN was 
moderately high, varying from 41.4% to 70.7% with an average of 60.7% (Figure 3-1A). 
Consistency with the female testers, the relative tillering performance of hybrids within 
different female groups was constant across the trials. FTN of B010054 hybrids was the 
lowest, while that of B986604 hybrids was generally the highest (Table 3-1; Figure S3-2). 
Mean yield of the 21 trials varied between 2.63 and 8.10 t ha-1 with an average of 5.5 t ha-1 
(Table 3-2), which was consistent with the range of yields commonly observed in sorghum 
pre-breeding trials (Jordan et al., 2012). Heritability of yield adjusted for establishment 
ranged from 20.6% to 77.1% with an average of 55.6% (Figure 3-1A). Mean yield of 
hybrids derived from the tester B010054 was consistently lower than that of hybrids from 
the other two testers in the 2015 trials, whereas the relative yield of hybrids within the 
other two female testers varied across years and locations (Figure S3-3). This was 




consistent with the yield potential of the three testers as B010054 had the lowest yield 
potential, while the yield of B963676 and B986604 were similarly (Table 3-1). 
Table 3-2 Summary of yield, flowering time (DTF) and fertile tiller number per plant (FTN) 
for the 21 trials. 
Trial 
Yield (t ha-1)   DTF   FTN 
Mean  Range   Mean  Range   Mean  Range 




































































































aytm16BLA 8.10 2.57-13.21   81.7 70-90   na na 





Figure 3-1 Boxplots of heritability (A) and between trial genetic correlations (B) of flowering 
time (DTF), fertile tiller number per plant (FTN) and grain yield. Yield.stand indicates yield 
adjusted for establishment; Yield.DTF indicates yield adjusted for establishment and DTF; 
Yield.FTN indicates yield adjusted for establishment and FTN. The three figures in each 
boxplot indicate the corresponding maximum, mean and minimum heritability or correlation 
coefficients. 
Genotype × environment interaction (GEI) for each trait was quantified by considering the 
correlation matrix between trials (Jordan et al., 2012). Genetic correlations of DTF across 
the 17 trials ranged from 0.29 to 1, with a mean value of 0.66; whereas genetic correlation 
of FTN across the 11 trials ranged from 0.41 to 1, with a mean value of 0.76 (Figure 3-1B). 
Lack of correlations between certain trials was due to the heterogeneity of variation rather 
than re-ranking (data not shown). In contrast, between-trial genetic correlations for yield 
adjusted for establishment varied from -0.71 to 0.62 with an average of 0.08 (Figure 3-1B; 
Table S3-2). For grain yield, the weak genetic correlation between certain trials was due to 
hybrid re-ranking rather than heterogeneity of variance (data not shown). 
Correlations between overall BLUPs for DTF and FTN for hybrids across the three testers 
ranged from -0.054 to -0.023 (Table 3-3). Although the correlations for hybrids in 
combination with B963676 and B986604 were highly significant, their corresponding 
coefficient of determination (r2) were very low at around 0.2%. Similarly, for individual 
trials, correlations between the two traits ranged from -0.16 to 0.05, resulting in r2 that 
ranged from 0 to 2.6% (Table S3-3). 




Table 3-3 Correlation between overall BLUPs for flowering time (DTF) and fertile tiller 
number per plant (FTN) for hybrids in combination with the three female testers. BLUPs for 
DTF and FTN were predicted from the MET analysis of the 17 and 11 trials that had DTF 
and FTN data. 
Female Correlation coefficient Significance level 
B010054 -0.023 nsa 
B963676 -0.045 ***b 
B986604 -0.054 *** 
anon-significant at the level of p < 0.05; bsignificant at the level of p < 0.001. 
3.3.2 Impact of DTF on grain yield 
DTF effect on yield of male lines was significant in 15 of the 48 tester/trial combinations. 
Therefore, the proportion of genetic yield variance explained by models including DTF as a 
fixed effect can only be accurately estimated in these 15 tester/trial combinations. The 
proportion of genetic yield variance due to differences in DTF differed across trials and 
females, ranging from 0.2% to 61% with an average of 13.6%. 
For the relationship of DTF to grain yield of hybrids, statistically significant associations 
were observed in 22 tester/trial combinations, of which 14 were positive (Table 3-4). This 
general trend towards a positive association between flowering time and grain yield was 
observed in the data set as a whole, with coefficients being positive on 30 (i.e., 62.5%) of 
the 48 occasions. However, the directions of the association between DTF and yield were 
different among hybrids derived from different female parents. For hybrids derived from 
B010054 and B963676, there were more significantly positive associations; all four 
significant associations for the B010054 hybrids and seven of the eleven significant 
associations for the B963676 hybrids were positive. A similar trend was observed in the 
whole data set, positive associations were observed in 6 (i.e. 86%) of the seven B010054 
trials and 71% (i.e. 15) of the 21 B963676 trials. In contrast, negative associations were 
present in four of the seven significant cases for B986604 hybrids. Similarly, in the whole 
data set, slightly more negative associations were detected between flowering time and 
grain yield for the B986604 hybrids, being negative in eleven and positive in nine trials. 
The effect of flowering time on grain yield was largely determined by the growing 




DTF effects on yield for hybrids across female testers of the same trial were all positive in 
eight of the 20 AYTMales trials and negative in another four. In the remaining eight 
AYTMales trials, hybrids from different female parents displayed contrast directions of the 
effect of flowering on yield in the same individual trials.  
After accounting for the effects of female tester and DTF, between trial genetic correlations 
for yield ranged from -0.82 to 1 with a mean of 0.08 (Table S3-4). Compared to the 
unadjusted between trial genetic correlation of grain yield, adjusting for DTF did not 
improve the between trial genetic correlations of yield. 
3.3.3 Impact of FTN on grain yield 
The effect of FTN on yield for male lines was significant in 12 of the 48 tester/trial 
combinations, with six significant for male lines crossed with B93676 or B986604 (Table 3-
5). Similar to that of DTF, the proportion of genetic yield variation explained by models 
including FTN as a fixed effect varied across trials and female parents. Genetic variance of 
grain yield due to differences in FTN ranged between 1.4% and 56.9% with an average of 
18.3%. 
For the relationship of FTN to grain yield of hybrids, statistically significant associations 
were observed in 12 tester/trial combinations, of which nine were positive (Table 3-5). The 
general trend towards a positive association between FTN and yield remained somewhat 
evident in the data set as a whole, with 26 associations being positive and 22 negative. 
Similar to the finding for DTF and grain yield, the number of positive and negative 
associations between FTN and yield varied across hybrids derived from different female 
testers. For hybrids in combination with B963676 and B986604, there was a general trend 
of positive relationship, with five and four of the six significant cases being positive, 
respectively. The trend towards a positive association between FTN and grain yield for the 
B963676 and B986604 hybrids was confirmed in the whole data sets of the corresponding 
tester groups, with 13 and 11 associations being positive, compared with 8 and 9 negative 
associations respectively. In contrast, for B010054 hybrids, negative association was 
observed in five occasions and positive in the other two, though none was significant. 
Although the directions of the associations of FTN and yield varied across tester/trial 
combinations, the effect of FTN on yield was largely determined by the environmental
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Table 3-4 Proportion of genetic yield variance explained by flowering time (DTF) and parameters of Wald test of DTF effect on grain yield 
based on three female testers for the 21 trials. 
Trial 





































PYTM15WAR -b - - - 7.54 ns -0.02 0.02 - - - - 
AYTM15CAP 3.00 nsc 0.02 0.03 3.00 ns 0.04 0.03 3.01 ns -0.01 0.06 
AYTM15DAL 6.93 5.4 0.19e 0.06 7.64 12.1 0.17 0.06 6.88 ns 0.16 0.13 
AYTM15EME 2.80 ns 0.02 0.05 3.23 ns 0.05 0.04 3.62 ns 0.08 0.09 
AYTM15GAT 5.73 11.1 0.17 0.07 6.67 11.2 0.19 0.06 6.48 ns 0.47 0.15 
AYTM15WAR 5.99 ns 0.13 0.06 7.55 ns 0.08 0.05 7.74 ns 0.04 0.12 
AYTM15JIM 4.01 4.4 0.15 0.05 4.45 ns 0.08 0.04 4.92 ns -0.02 0.10 
AYTM15SPR 6.79 ns -0.01 0.06 6.81 ns -0.10 0.05 7.06 ns 0.11 0.13 
AYTM16BLA - ns - - 7.73 ns 0.11 0.05 8.06 ns -0.02 0.06 
AYTM16CRO - ns - - 5.66 ns 0.05 0.03 5.76 ns 0.04 0.04 
AYTM16DAL - ns - - 6.70 -61.0d -0.27 0.03 6.41 -44.5 -0.34 0.04 
AYTM16EME - ns - - 2.41 -2.1 -0.10 0.04 2.87 ns -0.11 0.04 




AYTM16JAN - ns - - 5.34 ns 0.07 0.04 5.33 3.9 0.15 0.05 
AYTM16ORI - ns - - 2.66 13.6 0.08 0.02 3.14 ns 0.00 0.03 
AYTM16PIR - ns - - 6.41 5.5 0.09 0.03 6.38 ns -0.05 0.03 
AYTM16SPR - ns - - 6.21 ns 0.08 0.04 5.84 ns -0.01 0.04 
AYTM17EME - ns - - 6.18 ns 0.10 0.06 6.09 ns 0.06 0.06 
AYTM17PIN - ns - - 4.88 -6.7 -0.11 0.03 5.30 ns -0.10 0.04 
AYTM17CAR - ns - - 3.60 -12.2 -0.16 0.03 3.59 ns -0.08 0.04 
AYTM17MAC - ns - - 4.00 ns 0.02 0.03 3.77 ns 0.09 0.04 
avalues estimated by modelling male parents within female parents; bResults were not presented due to very limited sample size for 
these two combinations with PYTM15WAR; cns indicates the DTF effect on yield of male parents was not significant, therefore the 
genetic yield contribution cannot be estimated and was not presented; dnegative values indicate negative effect of DTF on yield of male 
lines; evalues in bold text indicates significant DTF on yield of hybrids.
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Table 3-5 Proportion of genetic yield variance explained by fertile tiller number per plant (FTN) and parameters of Wald test of FTN effect 
on grain yield based on three female testers for the 21 trials. 
Trial 





































PYTM15WAR -b - - - 7.54 -6.1d -0.16e 0.07 - - - - 
AYTM15CAP 3.00 nsc -0.38 0.21 3.00 ns 0.33 0.17 3.01 ns -0.17 0.39 
AYTM15DAL 6.93 ns -0.43 0.46 7.64 ns 0.09 0.39 6.88 ns 0.53 0.97 
AYTM15EME 2.80 ns 0.07 0.33 3.23 ns -0.13 0.29 3.62 ns 0.00 0.63 
AYTM15GAT 5.73 ns 0.02 0.50 6.67 ns 0.69 0.42 6.48 ns 0.57 1.32 
AYTM15WAR 5.99 ns -0.26 0.43 7.55 ns -0.16 0.35 7.74 ns -0.67 0.83 
AYTM15JIM 4.01 ns -0.28 0.35 4.45 ns -0.45 0.30 4.92 ns -0.87 0.73 
AYTM15SPR 6.79 ns -0.79 0.41 6.81 ns 0.04 0.36 7.06 ns 0.86 0.89 
AYTM16BLA - ns - - 7.73 16.9 1.19 0.33 8.06 22.3 0.93 0.39 
AYTM16CRO - ns - - 5.66 56.9 1.16 0.23 5.76 31.0 0.73 0.27 
AYTM16DAL - ns - - 6.70 ns -0.47 0.26 6.41 ns -0.10 0.27 
AYTM16EME - ns - - 2.41 ns -0.26 0.30 2.87 ns 0.10 0.30 




             
AYTM16JAN - ns - - 5.34 ns 0.34 0.27 5.33 -4.0 -1.13 0.32 
AYTM16ORI - ns - - 2.66 ns 0.10 0.16 3.14 ns 0.21 0.19 
AYTM16PIR - ns - - 6.41 ns -0.28 0.22 6.38 ns -0.01 0.22 
AYTM16SPR - ns - - 6.21 32.0 1.04 0.26 5.84 1.4 0.58 0.27 
AYTM17EME - ns - - 6.18 ns 0.12 0.44 6.09 ns 0.26 0.46 
AYTM17PIN - ns - - 4.88 ns 0.54 0.28 5.30 ns 0.28 0.30 
AYTM17CAR - ns - - 3.60 ns 0.30 0.27 3.59 ns -0.23 0.30 
AYTM17MAC - ns - - 4.00 23.5 0.91 0.28 3.77 15.2 0.79 0.30 
avalues estimated by modelling male parents within female parents; bResults were not presented due to very limited sample size for 
these two combinations with PYTM15WAR; cns indicates the FTN effect on yield of male parents was not significant, therefore the 
genetic yield contribution cannot be estimated and was not presented; dnegative values indicate negative effect of FTN on yield of male 
lines; evalues in bold text indicates significant FTN on yield of hybrids. 




conditions, and to a lesser extent, modified by the genetic background of female testers. 
Hybrids across testers all showed a positive association in eight of the 20 AYTMales trials 
and a negative association in another five. For the remaining seven AYTMales trials, the 
directions of the associations for hybrids across female parents differed. 
After accounting for the effects of testers and FTN, the between trial genetic correlations 
for yield ranged from -0.79 to 1 with a mean of 0.06 (Table S3-5). Compared to the 
unadjusted between trial genetic correlation for yield, adjusting for FTN did not improve the 
all between trial correlations. 
3.3.4 Relationships of DTF and FTN effects to mean grain yield 
The linear regression coefficient quantifying the relationship between DTF and yield for 
hybrids in combination with any of B010054, B963676, and B986604 was not related to 
the mean yield of the tester/trial combinations (Figure 3-2; Table 3-4). However, for the 
B010054 hybrids most (six of seven trials) associations were positive. Similarly, there were 
consistently more positive associations (15 of 21 trials) for B963676 hybrids irrespective of 
their mean yields. However, this was not obvious for B986604 hybrids, where positive 
association (9 trials) were similarly to the number of negative associations (11 trials). 
The linear regression coefficient quantifying the relationship between FTN and yield was 
also not related to the mean grain yield of the tester/trial combinations (Figure 3-2; Table 
3-5). For B963676 and B986604 hybrids, there was a consistently positive FTN effect on 
yield irrespective of mean yields, but the opposite trend was found for the B010054 
hybrids, with the FTN effect on yield more likely to be negative independent of mean yield 
of the combinations. 
3.4 Discussion 
Sorghum production environments in dryland conditions such as Australia are highly 
variable, particularly with regard to water availability during the growing season. While DTF 
and FTN are relatively simple traits, they can contribute to variation in grain yield by 
altering radiation interception and the temporal pattern of water use. Depending on the 
environment, both traits may have a positive or negative effect on sorghum grain yield and 
hence contribute to GEI that complicate selection and reduce genetic yield gain. In this 




data from 21 pre-breeding trials grown across the major sorghum production regions in 
Australia in three growing seasons. The dataset included 1741 unique test cross hybrids 
derived from 1078 elite male lines. The lines were representative of the Australian 
sorghum pre-breeding program. For the purposes of the study, sets of test cross hybrids 
grown in a single environment were considered as an experimental unit to explore the 
relationships between grain yield and the other two traits. The results provided insight that 
can be used to design breeding programs and cultivars targeting this variable 
environment. 
 
Figure 3-2 Mean grain yield of the hybrids plotted against the coefficients of the regression 
of flowering time (DTF) or fertile tiller number per plant (FTN) on grain yield in individual 
trials by female tester. NS indicates non-significant DTF or FTN effect, * significant at the 
level of p < 0.05, ** significant at the level of p < 0.01, *** significant at the level of p < 
0.001; vertical dashed lines represent regression coefficient of 0; horizontal lines represent 
mean yield of 6 t ha-1. 
3.4.1 Flowering and tillering have low levels of G × E interaction and are weakly 
correlated with each other 
The DTF of late and early genotypes in each trial varied by 10 to 20 days while differences 
in FTN of genotypes with the most and least tillers varied from 1.0 to 5.0 fertile tillers per 




plant across the trials (Table 3-2). Genetic effects were highly significant and heritability for 
both traits was high or relatively high on an individual site basis averaging 72.2% and 
60.7% respectively (Figure 3-1A). Despite the large diversity of environments only weak 
genotype × environment interactions (GEIs) were observed for both DTF and FTN. As a 
result, rankings of genotypes for the two traits were relatively consistent between trials with 
average genetic correlations between trials being high and averaging 0.66 and 0.76 for 
DTF and FTN respectively (Figure 3-1B). Given the error structures an across trial BLUP, 
which used information from all sites, provided estimates of the relative genotype ranking 
of DTF and FTN that were used in preference to the raw data for a particular site. 
Within the materials used in this study, a weak or no association between DTF and FTN 
was observed. Across trial correlation between DTF and FTN was not significant for 
hybrids with the tester B010054 but significant for hybrids with B963676 and B986604 as 
female parent. However, while these results were significant the relationship explained 
less than 0.3% of phenotypic variation in the two traits. The results were similar for 
individual trials, where correlations were either non-significant or very weak (i.e., r2 < 3%). 
Consequently, DTF and FTN were considered independent traits.  
As a result of these analyses, it was appropriate to use the overall BLUP for DTF or FTN 
from the multi-environment trials (MET) analyses to investigate the impact of DTF or FTN 
on grain yield for each of the trials. 
3.4.2 G × E interaction for grain yield was high 
Consistent with previous work (Hammer & Vanderlip, 1989; Chapman et al., 2000a, 2002), 
GEI played an important role in hybrid performance at particular sites. The heritability for 
grain yield on an individual trial basis averaged 55.6% but was highly variable (20.6% to 
77.1%) (Figure 3-1A). In contrast to DTF and FTN, grain yield exhibited substantial GEI. 
Genetic correlations of yield adjusted for establishment between trials ranged from -0.71 to 
0.62 with a mean of 0.08 (Figure 3-1B), indicating a high level of hybrid re-ranking across 
trials. Thus, it was appropriate to investigate the relationship of FTN and DTF with grain 
yield using individual trial estimates of hybrid yield. 
3.4.3 The impacts of DTF and FTN on grain yield varied across environments 
As expected, the genetic variation in yield varied between sites (Chapman et al., 2000a, 




in only 15 and 12 of the 48 tester/trial combinations, respectively (Table 3-4, 3-5). The 
average percentage of genetic variation explained by the across site estimate of FTN was 
slightly greater at 18.3% than the 13.6% that was explained by DTF (Table 3-4, 3-5). This 
may be because in addition to its indirect effect on grain yield by influencing the canopy 
size (Hammer et al., 1987; van Oosterom et al., 2008; Kim et al., 2010a), tillering can 
affect yield through its direct effect on the number of grain-bearing panicles (Lafarge et al., 
2002), which can be exacerbated in situations of poor emergence. 
Previous research has shown that grain yield is positively correlated with late flowering in 
favourable environments (Dalton, 1967; Hammer et al., 2014) and in long-term simulations 
(Muchow et al., 1994) but often negatively associated with yield in terminal drought 
situations (Hammer et al., 2014). On the other hand, fertile tillers can produce 5-78% of 
grain yield depending on the population density (Lafarge et al., 2002). Under favourable 
growth conditions, canopy development is not water-limited, which results in increased 
radiation interception and consequently increased grain yield. However, in water-limited 
environments, plant size is not only limited but leaves may also senescence earlier and 
faster, leading to reduced grain yield. Hammer (2006) demonstrated the extreme 
sensitivity of sorghum yield to water stress during the grain filling period. Our results are 
somewhat consistent with these findings, with both positive (30 and 26) and negative 
associations (18 and 22) between flowering and tillering, tillering and yield, respectively, 
being detected. 
The more frequent detection of positive associations suggested that the mean DTF for the 
set of genotypes was potentially earlier than optimal and the mean FTN was potentially 
lower than optimal for the environments that were sampled in the MET series. This may be 
related to sorghum breeders needing to select for broad adaption therefore taking a 
conservative approach to selection for maturity and tillering. Sorghum is highly sensitive to 
post flowering drought and the approach of selecting for early maturing and/or low tillering 
genotypes reduces the risk of yield penalty under post-anthesis drought. Alternatively, it 
may be that the environments sampled by these trials are not a good representative 
sample of the target population of environments. Given that the average yield of grain 
sorghum was 2.90 t ha-1 in Australia during the 2015-17 seasons (Agbenyegah et al., 
2017a; Cameron et al., 2018) and the mean yield of the trials in this study was 5.50 t ha-1, 
the latter may have been the case. 




Despite this, trial mean yield was not a good predictor of associations between DTF, FTN 
and yield. Results in this study suggested that the associations between DTF and yield, 
FTN and yield were not related to the mean yield of the combinations. Previously, Jordan 
et al. (2012) investigated the role of stay-green on grain yield using hybrids from the same 
sorghum pre-breeding program. They found that the majority of associations between 
stay-green and grain yield were positive for trials with a mean yield of less than 6 t ha-1 
and there were similar amounts of positive and negative associations for trials with a mean 
yield of between 6 and 9 t ha-1. As reduced tillering could result in the expression of stay-
green via potential restriction of pre-anthesis water use (van Oosterom et al., 2011), this 
might indicate that reduced tiller number would positively correlate with increased yield for 
trials with mean yield under 6 t ha-1. However, this was not observed in this study (Figure 
3-2). This contrast may be because the stay-green trait can improve yield under drought 
conditions by reducing plant size at anthesis through a number of mechanisms other than 
reducing tillering, including reducing leaf number, increasing size of upper leaves (Borrell 
et al., 2014a,b), or accelerating age-related senescence of lower leaves (George-Jaeggli 
et al., 2017). 
3.4.4 The impacts of DTF and FTN on grain yield also affected by the genetic 
background of female testers 
Although the impact of environment conditions had the largest effect on the association 
between DTF, FTN and yield, the frequency of significant associations varied across the 
genetic background of female testers. The directions of the associations between DTF, 
FTN and yield were the same for hybrids derived from different female testers of the same 
trial in 12 and 13, respectively, of the 20 AYTMales trials (Table 3-4, 3-5). In the other 
eight and seven AYTMales trials, contrasting associations between DTF and yield and 
FTN and yield, respectively were observed for hybrids derived from different female 
testers. The three testers have similar flowering date but possess various degrees of stay-
green and differ in tillering capacity (Table 3-1). Hence, it is very likely that they have 
different patterns of canopy development and water uptake. These differences 
consequently complicate the relationships of DTF and FTN with grain yield. 
3.4.5 Relevance of these trials to the Australian sorghum production environments 
This study included significant numbers of trials in the three major sorghum production 
regions in Australia. However, the average yield of the trials in this study was 5.50 t ha-1 




(Agbenyegah et al., 2017a; Cameron et al., 2018), indicating that high-yielding 
environments were oversampled in this data set. The general trend towards a positive 
association between flowering and yield was less frequent in trials with a mean yield below 
4 t ha-1 (Table 3-4; Figure 3-2). In contrast, the trend toward a positive impact of FTN on 
grain yield was still observed in the low-yielding environments sampled (Table 3-5; Figure 
3-2). 
3.4.6 Implications for breeding programs 
The relationships of DTF and FTN with grain yield were modified somewhat by the genetic 
background of female parents. Hybrids with B963676 as a female parent had positive 
associations between DTF, FTN, and yield more often. This result reinforces the 
importance of the selection of specific female parents in hybrid breeding. 
As independent traits, DTF and FTN were expected to show similar directions of 
associations with grain yield as they both influence water use similarly. This was supported 
by the observation that DTF and FTN displayed the same direction of association with 
yield in 28 of the 48 tester/trial combinations (Table 3-4, 3-5). However, static values of 
DTF and FTN, while indicative, do not provide robust estimates of the dynamics of canopy 
size and duration throughout the whole crop life cycle. The use of recent developments in 
high throughput phenotyping platforms to capture canopy development dynamics during 
the crop life cycle is likely to enhance the understanding and analysis of GEI effects on 
yield (Potgieter et al., 2017). 
In this study, the rationale for attempting to account for the confounding effects of DTF and 
FTN on grain yield was to partition GEI caused by canopy size and duration into more 
heritable components that interact with the environment in complex ways. However, within 
the materials and environments studied, the impact of DTF and FTN on grain yield was 
low. Following adjustment for variation in emergence, substantial GEI remained after 
further incorporating the effects of DTF and FTN in the linear mixed model analysis. This 
was indicated by the low genetic correlation for yield between trials following the 
incorporation of DTF and FTN (Table S3-4 and S3-5). It is possible that this inability to 
further partition GEI was associated with the use of linear mixed models for the analysis of 
genetic effects on yield. Linear mixed models assume linear relationships of yield with DTF 
and FTN, whereas it is known that these effects are non-linear in their generation of GEI. 
To overcome this defect, crop simulation models such as the sorghum module (Hammer et 




al., 2010) implemented in the APSIM platform (Keating et al., 2003) might be implemented 
to better account for the impacts of DTF and FTN on yield and to dissect GEI generated by 
canopy development dynamics due to differences in DTF and FTN. However, it is also 
likely that other genetic factors, such as those affecting radiation use efficiency, 
transpiration efficiency, root angle, height, seed number, and seed size play important 
roles in determining grain yield and generating GEIs. This was supported by the 
observation of the contrasting directions of associations of DTF and FTN with yield 
observed in 20 tester/trial combinations. Since sorghum breeders are dealing with a range 
of diverse environments and materials with considerable genetic variation in a range of 
traits, these results indicated no optimal DTF and FTN could be selected for broad 
adaptation across various environments. While general trends were observed, it is clear 
that the complex milieu of traits and environments and their dynamic interactions to 
generate GEIs could not be simply deconstructed via the key major factors (DTF and FTN) 
known to affect canopy development and duration. However, advances in the more 
integrated use of crop growth models in conjunction with genomic selection (Messina et 
al., 2018) suggest the possibility for enhanced leveraging of biological insight across 
multiple adaptive traits in the pursuit of more rapid genetic gain in situation with 
confounding GEI. 
3.5 Conclusions 
Within the materials used and the environments sampled in this study, DTF and FTN were 
weakly correlated traits with high heritability and low levels of GEI, whereas grain yield 
displayed strong GEI. DTF and FTN can influence the temporal water use patterns 
between pre- and post-anthesis stages through their impacts on canopy development 
dynamics, and thus complicate yield analysis and the selection of superior parents for 
hybrid production. Linear mixed models were used to remove the confounding effects of 
the two traits on grain yield. The impacts of DTF and FTN were affected by both 
environmental conditions and genetic background of female testers. Although both positive 
and negative relationships of DTF and FTN with grain yield were observed, there was a 
general trend towards positive DTF and FTN effects on grain yield. 
In contrast to our expections, the results indicated that little additional GEI was associated 
with variations in DTF and FTN. It is possible that linear mixed models did not capture the 
non-linear effects of DTF and FTN on yield. In addition, it is likely that other genetic factors 




environments studied. Our results suggest the opportunity to use crop growth models to 
consider simultaneously a range of key adaptive traits in the pursuit of more rapid genetic 
gain from breeding in situations with confounding GEI. This would likely have important 




Chapter 4 Geographical and temporal patterns of lodging in grain sorghum in 
Australia 
Abstract 
Grown in water limited environments, sorghum is often exposed to water deficit of varying 
extent and timing. One of the impacts of water stress on sorghum production is lodging. To 
date there has been no published study quantifying the temporal and spatial frequency 
and severity of lodging in grain sorghum in Australia. In this study, we investigated the 
frequency and severity of lodging using a data set of 83 advanced yield testing trials of the 
sorghum pre-breeding program grown in the major sorghum production environments in 
Australian over 14 summer growing seasons. Lodging occurred in almost all 7 production 
regions but with varying frequency and severity. Lodging was greater in Central Highlands 
and lower in Liverpool Plains, in comparison to the overall average across regions. 
Lockyer Valley was the only region free from lodging. The severity of lodging also varied 
across regions, with the most severe lodging (>20%) occurring in the Central Highlands 
and Western Downs. In addition, seasonal patterns of lodging frequency and severity were 
also observed. Over the 14 growing seasons, the frequency of lodging varied from 0 to 
100%, with the most severe lodging (>20%) observed in 2005, 2016, and 2017. The 
Southern Oscillation Index explained 29% of the seasonal variation in lodging frequency. 
Our data also showed that while there was a substantial turnover of commercial hybrids 
during the period of this study, the level of resistance to lodging did not appear to have 
improved. It is possible that this is due to plant breeders trading off improvements in 
lodging resistance to increase grain yield. 
Keywords 
Lodging, grain sorghum, the Southern Oscillation Index, water stress 
 
4.1 Introduction 
In Australia, sorghum is the major summer grain crop. It plays a crucial role in providing 
feed grains to the livestock industries (Hammer, 2006) and is also an important source of 




Sorghum production in Australia is relatively evenly distributed among central Queensland 
(CQ), southern Queensland (SQ) and northern New South Wales (NNSW) (Henzell et al., 
1984; Hammer et al., 2014), with significant fluctuation largely due to the timing and 
quantity of rainfall over the planting window and the expected returns from growing cotton 
(Agbenyegah et al., 2017a) and other crops. There is limited production in Victoria, South 
Australia, Western Australia, and the Northern Territory. 
Sowing of sorghum in Australia generally occurs from September to January, depending 
on location, timing of planting rains, and stored soil water during fallow in the previous 
season (Hammer et al., 2014). The earlier sowings tend to occur in southern regions such 
as NNSW, with later sowings tending to occur in northern regions such as CQ. In NNSW, 
wide sowing windows occur for most areas, from early September to early January (Moore 
et al., 2014). Planting at the start of these windows is often more successful in minimising 
moisture stress during and after flowering. The planting window for sorghum in 
Queensland is wide, from October to mid-January in SQ  and from early November to 
January in CQ to avoid the heat in December (Chapman et al., 2002) or even until 
February in CQ (Cameron et al., 2018).  
Grown in dryland conditions, sorghum production relies on in-crop precipitation and the 
soil moisture stored during a previous fallow (Passioura & Angus, 2010; Jordan et al., 
2012). Soils vary in depth and water holding capacity from region to region (Dang et al., 
2006). Only a small proportion of the precipitation received during the fallow period (e.g. 
25-30% in Australia, Passioura and Angus, 2010) can be saved, which rarely meets the 
crop’s water demand throughout the entire growth period without some additional rainfall 
during the growing season (Jordan et al., 2012). This often results in the crop being 
exposed to various types water stresses throughout the entire crop cycle, with post-
anthesis drought being common (Chapman et al., 2000b; Hammer et al., 2014). 
One of the consequences for the crop growing in water-deficit conditions during grain filling 
is lodging. Lodging is the permanent displacement of plant stems from the erect position 
(Pinthus, 1974). Three types of lodging have been reported in sorghum: stem, root, and 
panicle (weak neck) lodging (Esechie et al., 1977; Henzell et al., 1984; Rosenow, 1984). 
Stem lodging induced by water deficit during grain filling is the most prevalent type of 
lodging in Australia (Henzell et al., 1984) and causes the most grain loss world-wide, 
especially in regions where grains are harvested mechanically (Johnson et al., 1997). 
Stem lodging happens when the lower culm internodes are weakened, bend or break, 
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whereas root lodging results from the failure of root anchorage and results in straight, 
unbroken culms leaning from the crown (Pinthus, 1974). Lodging in grain sorghum in 
Australia is greatly affected by carbohydrate remobilisation during grain filling and may be 
accelerated by stalk rots (Henzell et al., 1984). 
To date, there has been no published study quantifying the temporal and spatial frequency 
and severity of lodging in grain sorghum in Australia. In this study, we conducted a 
retrospective analysis of a data set of the advanced yield testing trials across the major 
sorghum growing regions in Australia over 14 seasons to unravel the geographical and 
temporal patterns of lodging. 
4.2 Materials and Methods 
4.2.1 Breeding Trials 
This study conducted a retrospective analysis from 146 advanced yield testing (AYT) trials 
for male (AYTM) and female (AYTF) lines grown from the UQ/DAF/GRDC sorghum core 
pre-breeding program. The trials were grown across the major sorghum growing regions in 
central Queensland (CQ), southern Queensland (SQ), and northern New South Wales 
(NNSW) in Australia over 14 summer growing seasons from 2004 to 2017. The trials 
covered a wide range of environments (from  22.295°S to 31.633°S; from 147.517°E to 
152.331°E; Table S1), and had 88 different sowing dates extending from 21 September to 
16 March. As well as experimental hybrids being grown by the sorghum pre-breeding 
program, each trial contained the majority of commercial sorghum hybrids on the market in 
that year; in total 37 commercial hybrids across all 14 seasons. To investigate the 
frequency and severity of lodging under production environments across years and 
locations, we examined the performance of the 37 commercial hybrids. Details of the trials 
are listed in Table S1. Trials were arranged in partially replicated designs, with 20-30% of 
entries replicated at least twice. Trials were managed according to local commercial 
agronomic practices. AYTM and AYTF trials grown at the same location were sown end to 
end generally on the same day or one day apart, therefore experiencing the same 
environment. Hence, each pair of AYTM and AYTF trials grown at the same location of the 
same year were considered as a single trial.  
The trials were grouped into seven regions based on their locations (Table S1). CQ was 
divided into two regions, Capricornia and Central Highlands based on longitude; 




divided into two regions, Liverpool Plains and North West Slopes, based on latitude. Trials 
grown at SQ were grouped into three regions, Western Downs, Southern Downs and 
Lockyer Valley, depending on their administration district.  
Lodging severity was visually rated as the percentage of plants that lodged in a plot once 
lodging occurred in a trial. Lodging scores of all commercial hybrids in individual trials were 
averaged to represent lodging severity of each trial. 
4.2.2 The Southern Oscillation Index 
The Southern Oscillation Index (SOI) indicates the development and intensity of El Niño or 
La Niña events in the Pacific Ocean. The SOI used by the Australian Bureau of 
Meteorology is the Troup SOI (http://www.bom.gov.au), which is the standardised anomaly 
of the mean sea level pressure difference between Tahiti and Darwin for each calendar 
month (McBride & Nicholls, 1983). Sustained negative values of the SOI below -7 often 
indicate El Niño episodes, which are usually accompanied by a reduction in winter and 
spring rainfall over much of eastern and northern Australia. Sustained positive values of 
the SOI above +7 are typical of a La Niña episode, which are associated with a higher 
than normal rainfall in eastern and northern Australia (http://www.bom.gov.au).  
The SOI of the growing months in all seasons were retrieved from the Australian Bureau of 
Meteorology (BOM, http://www.bom.gov.au/climate/current/soi2.shtml). The period of the 
growing months in each season was considered from the month when the earliest trial was 
sown to the month when the latest trial was harvested in that season. Mean SOI of each 
season was averaged over all growing months in that season. 
4.2.3 Statistical analysis 
To test the association between lodging occurrence and region, trials grown in each region 
across the seasons were separated into two categories by the presence of lodging in the 
commercial hybrids. The expected numbers of trials in which lodging occurred was 
calculated based on the overall frequency of lodging across all regions and seasons. A χ2 
test was used to test if the number of trials with observed lodging in each region 
significantly deviated from the expectation. 
To investigate the relationship between lodging and SOI, Pearson’s correlation was 
calculated between mean SOI over all growing months and the proportion of trials in which 
lodging was observed. The number of trials with varying average lodging severity of 
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commercial hybrids was compared to the SOI of the third month after sowing to investigate 
the relationship between lodging severity and SOI. 
Three commercial hybrids were grown in all seasons, whereas the other 34 commercial 
hybrids were grown in only subsets of the 14 seasons. The three consistent commercial 
hybrids were used as a baseline in each season to estimate change in lodging resistance 
over time. Relative lodging of the 34 hybrids to the 3 hybrids were calculated in each 
season. Mean relative lodging of the first (2004-2008) and last five seasons (2013-2017) 
were averaged across all commercial hybrids in the corresponding seasons respectively. A 
two-sided t test was conducted to test if there was significant difference between the 
average relative lodging of the first and last five seasons. 
4.3 Results 
4.3.1 Summary of the AYT trials 
The number of trials grown over seasons varied across the regions depending on 
seasonal conditional and planting opportunities. The fewest trials overall were grown in 
Lockyer Valley and North West Slopes (3 and 4, respectively), whereas the highest 
number of trials were grown in the Central Highlands (20 trials overall) and Western 
Downs (27 trials) (Table 4-1). The total number of trials grown in Capricornia, Liverpool 
Plains, and Southern Downs across all seasons were 8, 10, and 11, respectively. Trials 
were only grown in Capricornia before the 2012 season. In the Liverpool Plains, trials were 
grown in 8 seasons after 2006, whereas in the Southern Downs, a single trial was grown in 
all seasons except in 2010, 2013, and 2017. 
4.3.2 Regional variation in the frequency and severity of lodging 
The proportion of trials in which lodging occurred varied across regions (Table 4-2). The 
Central Highlands and Southern Downs were the only two regions in which the number of 
trials lodged was greater than those not lodged, with lodging occurring in 14 out of 20 trials 
in the Central Highlands and 7 out of 11 trials the Southern Downs. In Capricornia, lodging 
was observed in 50% of the trials. In the other four regions, the number of trials that did 
not lodge was higher than that of trials that observed lodging, with the Lockyer Valley 



















2004 2 2 0 0 1 1 3 9 
2005 1 1 0 0 0 1 3 6 
2006 1 0 0 0 1 1 2 5 
2007 1 2 1 1 0 1 0 6 
2008 1 2 1 0 0 1 3 8 
2009 1 1 0 0 1 1 1 5 
2010 0 1 0 0 0 0 1 2 
2011 1 0 1 0 0 1 1 4 
2012 0 1 1 0 0 1 2 5 
2013 0 1 1 0 0 0 4 6 
2014 0 3 0 1 0 1 0 5 
2015 0 2 1 1 0 1 2 7 
2016 0 3 2 0 1 1 3 10 
2017 0 1 2 0 0 0 2 5 
Total 8 20 10 3 4 11 27 83 
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Number of trials 
that lodging was 
observed 
Number of trials that 
lodging was not 
observed 
Expected number 
of trials that 
lodging occurred 
Expected number of 
trials that lodging 
did not occur 
Capricornia 4 4 3.3 4.7 0.603 
Central Highlands 14 6 8.2 11.8 0.008 
Liverpool Plains 1 9 4.1 5.9 0.046 
Lockyer Valley 0 3 1.2 1.8 0.149 
North West Slopes 1 3 1.6 2.4 0.516 
Southern Downs 7 4 4.5 6.5 0.126 
Western Downs 7 20 11.1 15.9 0.112 




A χ2 test revealed that trials experienced significantly more lodging than expected in the 
Central Highlands (p=0.008), but significantly less in Liverpool Plains (p=0.046) (Table 4-
2). The other five regions displayed no significant difference in lodging occurrence, in 
comparison to the overall average frequency across all regions. 
To investigate the relationship between lodging severity and region, we classified lodging 
severity into four categories based on the average lodging ratings across all commercial 
hybrids within a trial: category 1, no lodging in commercial hybrids; category 2, average 
lodging score across all commercial hybrids was >0% but <=10%; category 3, average 
lodging score across all commercial hybrids was >10% but <=20% and category 4, 
average lodging score across all commercial hybrids was >20%. These categories 
reflected farmers’ views of lodging severity. 
Lodging severity varied across regions. The most severe lodging (>20%) was observed in 
one trial in the Central Highlands and 2 trials in the Western Downs (Figure 4-1). The 
second most severe lodging rating (10-20% lodging) was observed in the North West 
Slopes (1 trial) and the Southern Downs (3 trials). For two regions, the most severe 
lodging rating observed was between 1-10% (Capricornia: 4 trials and Liverpool Plains: 1 
trial); and finally for the Lockyer Valley no lodging was observed in any of the 3 trials in this 
region.  
3.1 Seasonal variation in the frequency and severity of lodging 
The frequency of lodging varied across seasons. Lodging was not observed in any trial in 
4 seasons (2006, 2010, 2011, and 2013), whilst it was observed in all trials in the 2005 
season (Figure 4-2). In the other 9 seasons, the proportion of trials that lodged varied from 
20% to 86%.  
Lodging severity also varied across the growing seasons. Most of the trials over the 
seasons did not lodge (59%), while lodging rating 1-10% occurred in 27 of the 83 trials. 
The most severe lodging rating (>20%) was observed in three trials, with one each in 
2005, 2016, and 2017. The second most severe lodging rating (10-20%) occurred in four 
trials, with one each in 2014 and 2015 and two in 2016. 
 
 




Figure 4-1 Number of trials with one of 4 lodging severity ratings (0%; 1-10%; 10-20%; 
>20%) in each region. 
4.3.3 Association between lodging and SOI 
A general trend was observed that the proportion of trials lodged was associated with the 
mean SOI over the growing months in individual seasons (Figure 4-3). Specifically, the 
proportion of trials in which lodging occurred was significantly negatively correlated with 
mean SOI over the growing months of individual seasons (r = -0.54, p=0.045, Figure S4-
1). Mean SOI over the growing months explained 29% of variation of the proportion of 
trials lodged. Of the 3 seasons with a mean SOI <-7, two of these (2005 and 2015) had 
over 80% of trials with lodging observed and the third (2016) had 50% of trials with lodging 
observed (Figure 4-3). In comparison, of the 3 seasons with a mean SOI >7, one season 
(2011) had no trials with lodging observed and the other two (2008 and 2009) had no more 







Figure 4-2 Number of trials with one of 4 lodging severity ratings (0%; 1-10%; 10-20%; 
>20%) in each seasons. 
4.3.4 The average lodging resistance of commercial hybrids across seasons 
Typically, commercial hybrids are marketed for a period of years then replaced by new 
hybrids with improved performance. Over the period encompassed by these trials, hybrids 
entered or left the market according to commercial factors. There was a significant 
turnover of commercial hybrids over the seasons. Thirteen commercial hybrids were grown 
in the 2004 trials. The proportion of commercial hybrids grown in the other seasons that 
were in common with those grown in 2004 decreased steadily, reducing from 77% (i.e. 10) 
in 2005 to 23% (i.e. 3) in 2017 (Figure 4-4). Only three commercial hybrids were grown in 
all 14 seasons. Another three commercial hybrids were grown both in the first (2004-2008) 
and last (2013-2017) five seasons, accounting for only 12.5% of the commercial hybrids 
grown in the 2013-2017 seasons.  
Average lodging severity of the three commercial hybrids grown in all seasons varied from 
0 to 10.68% over the seasons. The majority of the relative average lodging severity of the 
other commercial hybrids to that of the three hybrids grown in all seasons were within the 
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range between 0 and 1. A two-sided t test indicated that there was no significant difference 
(p=0.67) between the average relative lodging of commercial hybrids in the first 5 seasons 
(2004-08) and the last 5 (2013-17) seasons. 
 
Figure 4-3 Percentage of trials lodged (A) and the average Southern Oscillation Index 





Figure 4-4 Percentage of commercial hybrids grown across all seasons that were in 
common with the commercial hybrids grown in 2004. 
4.4 Discussion 
Sorghum in Australia is grown in water limited environments of varying intensity with post-
anthesis drought stress being common in most environments (Hammer et al., 2014). One 
of the consequences of post-anthesis drought conditions is lodging (Henzell et al., 1984). 
Previous studies have shown that high yielding hybrids tend to be more susceptible to 
lodging and farmers discriminate against hybrids where lodging is severe and/or frequent 
due to the risk of financial loss. As a result, sorghum breeders place strong selection 
pressure on lodging and this is one of the major constraints that limits genetic 
improvement of yield in Australian grain sorghum. Despite its importance, very little is 
known about the severity and frequency of lodging both temporally and geographically. In 
this study, we conducted a retrospective analysis of a data set of 83 yield trials grown in 
the major sorghum production regions in Australia over 14 consecutive seasons to 
understand temporal and geographical patterns of lodging. The analysis was based on 37 
commercial hybrids, which provided an excellent representation of the genetic diversity of 
commercial sorghum hybrids sold on the market during this period. The results provide 
insights into the patterns of the occurrence and severity of lodging of grain sorghum in 
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Australian environment, which can be used by breeders and farmers to minimise the 
impact of lodging on productivity. 
4.4.1 Lodging frequency and severity varied geographically and temporally 
The occurrence of lodging varied across regions. Different locations varied in the 
frequencies of environment types, with different location having varying levels of water 
supply through the soil and varying demands by crop growth within the crop growth 
window. Water stress is more common in the Central Highlands and Capricornia locations 
such as Emerald, Capella, and Biloela and less common in the Western Downs such as 
Dalby and in the Southern Downs such as Warwick (Chapman et al., 2000b; Hammer et 
al., 2014; Clarke et al., 2019). Soil characteristics such as depth and water holding 
capacity are important factors affecting the supply of water during the growth seasons, and 
thus the types of environments that the crop experiences. As a result, differences in the 
frequency and severity of lodging are likely to be related to geographical factors such as 
soil characteristics. The significantly high incidence (70%) and severity (up to >20%) of 
lodging in the Central Highlands (Table 4-2; Figure 4-1) was likely a result of the 
prevalence of shallow soils with low water holding capacity and low in-season rainfall 
(Chapman et al., 2000b, 2002; Hammer et al., 2014). These conditions result in frequent 
exposure to water stresses during grain filling, and as previously discussed, lodging in 
grain sorghum occurs more frequently under drought during grain filling (Henzell et al., 
1984).  
In comparison, among the regions examined in this study, the Liverpool Plains and 
Southern Downs are characterised by higher mean rainfalls and deeper soils with higher 
water holding capacities (Jordan et al., 2012). Trials in these two regions are therefore less 
likely to experience water stress during grain filling. Similarly, the Lockyer Valley is also a 
region characterised by deep soils and high rainfall, e.g. more than adequate in-season 
rainfall was reported for 3 seasons (2007, 2014, and 2015) in the Lockyer Valley locations 
(from 136.6 to 370.8 mm, http://www.bom.gov.au/climate/data/, station number 040082). 
This is in line with a previous simulation study (Clarke et al., 2019), which showed that 
trials grown in 2014 and 2015 in the Lockyer Valley (Gatton) experienced either no or very 
limited water stress. Hence, lodging was expected to occur both at a low frequency and 
with a low severity rating in these three regions. The observation met these expectations 
for the trials at both Liverpool Plains and Lockyer Valley, where only one trial had mild (1-




(Table 4-2; Figure 4-1), although it should be noted that there were only a limited number 
of trials grown in the Lockyer Valley, which might confound this observation. However, a 
non-significant, but relatively higher number of trials in the Southern Downs region lodged; 
with lodging occurring in 7 of the 11 trials in this region (Table 4-2), of which 3 trials had 
10-20% and 4 trials had 1-10% of lodging (Figure 4-1). The higher than expected levels of 
lodging occurrence and severity in the Southern Downs region could be related to high 
grain yield in this region, with the trials in the Southern Downs producing the highest grain 
yield amongst all 7 regions (data not shown). Previous studies have shown that hybrids 
with higher grain yield also tend to be more susceptible to lodging (Wang et al., 
unpublished). 
Long term simulations have shown that trials in the North West Slopes region are often 
exposed to water stresses of varying extent, with water stress occurring in around 90% of 
the simulations (Hammer et al., 2014). As lodging in grain sorghum often occurs under 
drought during grain filling (Henzell et al., 1984), this might suggest that trials grown in the 
North West Slopes region would be more likely to suffer from lodging. However, lodging 
was only observed in one (of 4 in total) trial grown in this region, with a severity rating 
between 10-20% (Figure 4-1). This may be explained by the fact that overall the North 
West Slopes is low yielding (Hammer et al., 2014) and genotypes with low grain yield tend 
to be more resistant to lodging (Henzell et al., 1984). In the Western Downs, the high 
frequency (observed in 2 of the 3 trials in this region) of the most severe lodging rating 
(>20%) might be explained by the high frequency of water stress together with high grain 
yield produced in this region (Hammer et al., 2014). Finally, in the Capricornia, although 
only at mild levels (1-10% lodging), lodging occurred in 50% of the trials in this region 
(Figure 4-1). Overall, these results indicate that geographical locations play an important 
role in both lodging occurrence and severity.  
Lodging also varied across seasons in all regions except in the Lockyer Valley, and varied 
significantly from the overall pattern in 2 regions (the Central Highlands and Liverpool 
Plains). In the Central Highlands, lodging occurred at a significantly higher frequency than 
expected, in 8 of the 12 seasons (p<0.008). In contrast in the Liverpool Plains, lodging 
occurred at a significantly lower frequency than expected (in 1 season of the 10; p<0.046). 
This suggested that seasonal variations in rainfall likely play an important role in lodging 
occurrence. 
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4.4.2 Seasonal variation in SOI is an important factor in driving lodging 
Variation in patterns of lodging between seasons are likely to be associated with seasonal 
patterns of rainfall. Rainfall in and before the sorghum growing season is related to the 
Southern Oscillation (Nicholls, 1986). In this study, the average SOI over the crop growing 
months is significantly associated with lodging, explaining 29% of the variation in lodging 
(Figure S4-1). Previous studies have suggested that lodging in grain sorghum is closely 
related to water deficit (Henzell et al., 1984). To reduce the risk of crop failure, sorghum 
growers in Australia normally sow a crop when the soil moisture exceeds a threshold. 
Although this practice reduces the incidence of pre-flowering water stress, varying levels of 
water stress after flowering are likely to occur depending on the timing and amount of in-
season rainfall (Jordan et al., 2012). Rainfall varied across regions during the period of the 
14 seasons included in this study. Generally, the seasons that had high lodging received a 
low amount of in-season rainfall, whereas the seasons that had limited or no lodging 
received high in-season rainfall (Bureau of Meteorology, 2005, 2006, 2016, 2017, 2018, 
2019, 2007, 2008, 2009, 2010, 2011, 2012, 2013, 2015). Limited in-season rainfall likely 
resulted in post-anthesis drought stress, and hence lodging. 
Major environmental factors affecting lodging include the distribution of rainfall and the 
water holding capacity of the soil; however, genotypic factors and management practices 
can also affect the extent and timing of water use (van Oosterom et al., 2011). This is 
demonstrated by the observation that 29% of the variation in lodging is associated with the 
average SOI over the growing months accounted. Management practices such as row 
configuration, planting density, selection of hybrids, and sowing time can affect spatial and 
temporal soil moisture (Muchow et al., 1994; Whish et al., 2005; Hammer et al., 2016a; 
Clarke et al., 2019), which will affect water availability to the crop, and thus the occurrence 
of lodging. Therefore, differences in management practices across and within the regions 
could also explain a large proportion of the variation in lodging. 
4.4.3 Genetic resistance to lodging in commercial hybrids has not improved over 
the period of the study 
There was a substantial turnover of commercial hybrids in the market (as shown in Figure 
4-4). Only three commercial hybrids were grown in all 14 years targeted by this study, 
whereas the other commercial hybrids were grown only in some of the years and 
represented new releases into the market and replacements for older varieties. We were 




level of resistance of the other commercial hybrids over the period of seasons in this study. 
Resistance to lodging is a major target of selection in sorghum breeding programs, so 
progress to improve resistance is expected. However, we observed that the lodging 
resistance of varieties grown in the last five seasons was not significantly different from 
that grown in the first five years (two-sided t test, p=0.82), indicating that lodging 
resistance has not changed over the years. This is likely due to the positive association 
between lodging susceptibility and grain yield (Wang et al., unpublished). Significant 
genetic yield gain in grain sorghum has been achieved in Australia over the last three 
decades (Potgieter et al., 2016), hence recently released varieties have higher yield in 
comparison to older varieties (Clarke et al., 2019). While grain yield has increased, lodging 
resistance has been maintained at the level farmers can accept. This was likely due to the 
strategy that sorghum breeders implemented of selecting for hybrids with high yield 
potential and simultaneously selecting against lodging susceptibility rather than selecting 
for improved resistance to lodging (Wang et al., unpublished).  
4.5 Conclusions 
This study is the first study documenting the frequency and severity of lodging in the major 
sorghum production environments in Australia. Results showed that lodging was prevalent 
over most regions. However, within the materials used and the environments sampled in 
this study, lodging in sorghum varied across regions. Lodging occurred significantly more 
often in the Central Highlands but significantly less frequently in the Liverpool Plains, 
whereas the occurrence of lodging in the other five regions did not deviate from the overall 
frequency across regions. The occurrence of lodging also varied across seasons. Much of 
the variation in lodging was significantly associated with the SOI over the growing months 
of the sorghum crops (R2=29%, Figure S4-1). The SOI was related to lodging likely 
through its effect of seasonal effect on in-crop rainfall. Beside the Southern Oscillation, 
other factors such as on-farm management strategies also affects water availability and its 
spatial and temporal patterns, and thus affect lodging. Overall the period of the 14 seasons 
investigated in the study, the levels of resistance to lodging of commercial hybrids did not 
improve. It is likely that this occurred because sorghum breeders maintained resistance to 
lodging at a level that farmers could accept and used any improvements in underlying 
lodging resistance to increase yield potential. 
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Chapter 5 Large scale genome-wide association study reveals that drought induced 
lodging in grain sorghum is mainly driven by remobilisation and plant height 
Abstract 
Water is the primary constraint to sorghum production worldwide. The crop often lodges 
under drought during grain filling, reducing yield and quality. Due to its complexity, only 
three studies to-date have investigated the genetic control of lodging in sorghum. Here, we 
conducted genome-wide association studies (GWAS) on lodging using data from 17 
Australian sorghum trials over 3 years involving 2308 unique hybrids. The GWAS detected 
213 QTL, the majority of which showed a significant association with leaf senescence and 
plant height (72% and 71% respectively). Only 16 lodging QTL were associated with 
neither leaf senescence nor plant height. The high incidence of multi-trait association for 
the lodging QTL indicates that lodging in grain sorghum is primarily driven by carbohydrate 
remobilisation and height. This result supported the selection for stay-green (delayed leaf 
senescence) to reduce lodging susceptibility, rather than selection for short stature and 
lodging resistance per se, which likely reduces yield. Additionally, our data suggested a 
protective effect of stay-green on weakening the association between lodging susceptibility 
and plant height. Our study also showed that lodging resistance might be improved by 
selection for stem composition but was unlikely to be improved by selection for classical 
resistance to stalk rots.  
Keywords 
Genome-wide association study, leaf senescence, lodging, plant height, sorghum, stay-
green, lignin biosynthesis 
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Water availability is the primary constraint to sorghum production worldwide (Rosenow et 
al., 1997). The crop is often exposed to various types of water stress with drought during 
grain filling being common (Chapman et al., 2000b; Kholová et al., 2013). One of the 
impacts of water stress during grain filling in sorghum is lodging. Lodging is the permanent 
displacement of crop stems from their vertical position. It can be caused either by buckling 
at a basal internode (stem lodging) or by root rotation in the soil (root lodging) (Pinthus, 
1974). Stem lodging is the major type of lodging induced by drought. 
When water stress occurs during grain filling, sorghum plants senesce and subsequently 
lodge due to stem collapse or breakage at the basal internodes (Henzell et al., 1984). This 
form of lodging is often observed in grain sorghum hybrids grown in Australia (Henzell et 
al., 1984), the USA (Rosenow, 1977), and Argentina (Frezzi & Teyssandier, 1980). 
The occurrence and severity of lodging depends on the growth environment and the 
growth stage of the crop. Although yield losses due to lodging in grain sorghum in 
production conditions are not well documented, it is believed that lodging that occurs 
following water stress during the grain filling stage causes the most grain loss world-wide, 
especially in regions where grains are harvested mechanically (Johnson et al., 1997).  
The causes and severity of lodging in sorghum are the result of a complex set of 
interacting factors. However, one of the causes of lodging is considered to be an 
imbalance between the supply and demand of carbohydrate during grain filling (Henzell et 
al., 1984). Rapidly developing grains act as a large “sink” for carbohydrate during grain 
filling. Under well-watered conditions, this demand for carbohydrate is provided by a 
number of “sources” including remobilisation from the roots and stem and through current 
photosynthesis. Water stress around flowering reduces the supply of photosynthetic 
assimilate from green leaves, which results in the increased remobilisation of reserves 
from the stem, leaves, and roots to meet the needs of fast growing grains. If remobilisation 
is sufficiently high, the leaves will senesce and die from the base of the plant followed by 
the stem. Under some circumstances, the weakening is so great that the stem is unable to 
support the head, resulting in lodging of the stem. 
The impact of this imbalance between the source and sink on lodging is affected by a large 




number and grain size, plant reserves influenced by stem volume and length, physical 
factors such as the inherent strength of the dead stem and the leverage effect imposed by 
plant height and grain weight. One of the phenotypes that has been found to be associated 
with lodging is stay-green. This phenotype is expressed as delayed leaf senescence in 
sorghum plants exposed to water limitation during grain filling (Jordan et al., 2012; Borrell 
et al., 2014b). The phenotype is an integrator of the complex factors that influence the 
source-sink relationships in the plant (Borrell & Hammer, 2000; Borrell et al., 2001), 
including restricted tiller number and reduced upper leaf size resulting in reduced canopy 
size and pre-anthesis water demand (Borrell et al., 2014b). This increases water 
availability during post-anthesis water stress (Borrell et al., 2014a), resulting in the 
expression of the stay-green phenotype as a consequence of less severe remobilisation of 
carbohydrate reserves. These strategies reduce the level of carbohydrate remobilisation 
by ensuring that photosynthesis continues, reducing the need for remobilisation of carbon 
from stem and leaves (Borrell & Douglas, 1996). This can be achieved by reducing pre-
anthesis water use through smaller canopy size (Borrell et al., 2014b) or limited 
transpiration rate (Sinclair et al., 2005), or by increasing water supply through deeper roots 
(Mace et al., 2012). In addition, changes to the plant that reduce the carbohydrate demand 
such as reduced grain number will influence the expression of stay-green phenotype 
(Borrell & Hammer, 2000).  
Another phenotype that has been found to be associated with lodging is plant height. Like 
stay-green, height has impacts on carbohydrate supply/demand as well as having direct 
physical effects on lodging. Tall sorghum plants produce a higher stem biomass per grain 
than short crops (George-Jaeggli et al., 2011). This indicates that tall sorghums have more 
stem reserves available for translocation to the grains during post-anthesis water stress 
than short sorghums, which could potentially lead to less lodging in tall plants than in short 
plants. On the other hand, tall sorghum generally yield higher than short sorghums (Jordan 
et al., 2003), and higher yielding sorghums are more susceptible to terminal drought stress 
than are lower yielding sorghums (Rosenow et al., 1983). Additionally the higher centre of 
gravity and greater leverage force in tall sorghums means that tall, high yielding genotypes 
are more prone to lodging under drought conditions after flowering.  
This already complex interaction of factors is further complicated by the presence of soil 
born root and stalk rotting pathogens, such as Macrophomina phaseolina and Fusarium 
spp., which may accelerate lodging. These fungi are necrotrophic in nature; while they 
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may invade healthy plants, they are typically unable to colonise healthy tissue (Dodd, 
1980). However, when the stem begins to senesce under water stress during grain filling, 
they attack the dying roots and stalks (Srinivasa Reddy et al., 2008). The fungi secrete 
cell-wall-degrading enzymes (CWDE) to upregulate CWDE-encoding genes, degrading the 
integrity of the pith and rind in the basal internodes, which weakens the stalk and further 
exacerbates lodging (Bandara et al., 2018).  
Lodging is also affected by stem mechanical properties. Associations between stem 
lodging and stem strength, rigidity, and chemical composition including lignin density have 
been observed (Bashford et al., 1976; Esechie et al., 1977; Murray et al., 2008a; Gomez et 
al., 2017b, 2018). Lignin is one of the key biomolecules in vascular plants and its functions 
include structural support and water transport (Boerjan et al., 2003; Higuchi, 2006). 
Reduced lignin content has been shown to lead to increased lodging susceptibility in 
maize (Sun et al., 2018). 
Because of its complex nature, limited progress has been made in understanding the 
genetic architecture of lodging in sorghum. To date, three studies (Kebede et al., 2001; 
Murray et al., 2008a; Srinivasa Reddy et al., 2008) detected seven QTL associated with 
lodging in sorghum with no common QTL being identified across these studies. Given the 
complex set of traits known to affect lodging, the lack of QTL overlap is unsurprising and it 
is likely that the number of QTL affecting this trait is large.  
The current study aims to dissect the genetic architecture of lodging and the pleiotropic 
effect of lodging QTL on stay-green and plant height in large-scale multi-environment field 
trials in Australia’s northern grain belt. We further investigate the co-location of lodging 
QTL with other traits including QTL for stalk rot disease resistance and genes in the lignin 
biosynthesis pathway. 
5.2 Methods 
5.2.1 Breeding Trials 
This study made use of previously existing data from seventeen hybrid sorghum trials 
grown in Australia by the sorghum pre-breeding program run by the University of 
Queensland, the  Department of Agriculture and Fisheries in Queensland, and the Grains 
Research and Development Corporation (UQ/DAF/GRDC). The trials were grown in a 




Australia from northern New South Wales to central Queensland (from 22.295°S to 
31.268°S; from 147.517°E  to 152.105°E; Table 5-1). 
The seventeen trials were selected from a larger set of 38 trials grown by the 
UQ/DAF/GRDC pre-breeding program during this period on the basis that lodging was 
recorded in the trial. Lodging is a critical trait for sorghum in Australia and usually scored 
whenever it occurs. 
The trials formed part of the advanced yield testing (AYT) component of the pre-breeding 
program and contained hybrids that had already been subjected to some degree of 
selection for performance in preliminary trials. The 17 trials comprised 11 different sowing 
dates extending from 23 September to 18 February. Typical practice within the breeding 
program is for two trials to be grown at each site; one AYTM trial consisted of a large 
number of male parent lines crossed to three female testers (i.e. B010054, B963676, and 
B986604), while the other AYTF trial consisted of a large number of female parent lines 
crossed to two male testers (i.e. R986087-2-4-1 and R993396). The five testers varied in 
levels of stay-green (measured by delayed leaf senescence), plant height, and lodging 
(Table 5-2). Although the aim within each trial was to have the same number of hybrids 
between test lines and the respective testers, the numbers varied because of seed 
availability. Similarly, it was intended that each male or female trial series contained the 
same hybrids at each site in a particular year but this was also not achieved due to seed 
constraints. Since the trials were part of an active pre-breeding program, hybrids were 
added and dropped from the trial series between seasons. As a result, only a proportion of 
hybrids were in common between each year within the greatest coincidence being 195 in 
common between consecutive years.  
The total number of hybrids grown per trial varied from 408 to 925 depending on season 
and location (Table 5-1), with entries of the trials including both the test hybrids detailed 
above and a range of commercial hybrids. All trials were arranged in a partially replicated 
row column trial design, with on average between 20-30% of hybrids replicated at least 
twice. Trials were managed according to local management practices. The trials identifiers 
used were a combination of trial type (“AYTM” or “AYTF”), year (such as “15” for 2015), 
and location (e.g. “CAP” for “Capella”). 
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Lodging was visually scored as the percentage of plants lodged in a plot. Leaf 
senescence, as a measure of stay-green, was visually rated from 1 to 9, with 1 indicating 
less than 10% senescent leaves and 9 indicating over 90% senescent leaves. As stay-
green (i.e. delayed leaf senescence) was only expressed in trials suffering from water 
stress after flowering (Jordan et al., 2012), leaf senescence ratings were recorded in only 
9 of the 17 trials. Plant height was measured in centimetres from the base of the plant to 
the tip of the panicle and was measured in 11 of the 17 trials. Only 12 of the 17 trials were 




Table 5-1 Description of the 17 field trials in the 2015-17 growing seasons. 











No. of hybrid in combination with 




1 AYTM15CUR 28/10/2014 Curlewis -31.268 150.222 294 580 222 292 - - - 
2 AYTM15WAR 3/12/2014 Warwick -28.214 152.105 465 582 217 296 - - - 
3 AYTM15JIM 17/12/2014 Jimbour -27.029 151.198 347 575 214 296 - - - 
4 AYTM15CAP 11/01/2015 Capella -23.222 148.114 235 590 216 303 - - - 
5 AYTM15EME 12/01/2015 Emerald -23.529 148.213 161 611 228 309 - - - 
6 AYTM16CRO 23/09/2015 Croppa Creek -29.046 150.332 277 710 - 397 293 - - 
7 AYTF16CRO 23/09/2015 Croppa Creek -29.046 150.332 277 493 - - - 253 220 
8 AYTM16WAR 21/12/2015 Warwick -28.211 152.104 459 925 - 457 447 - - 
9 AYTF16WAR 21/12/2015 Warwick -28.211 152.104 459 532 - - - 269 240 
10 AYTM16ORI 15/02/2016 Orion -24.231 148.411 234 706 - 393 289 - - 
11 AYTF16ORI 15/02/2016 Orion -24.231 148.411 234 467 - - - 236 206 
12 AYTM16EME 16/02/2016 Emerald -23.529 148.213 161 835 - 418 393 - - 
13 AYTF16EME 16/02/2016 Emerald -23.529 148.213 161 478 - - - 245 208 
14 AYTM16KIL 18/02/2016 Kilcummin -22.295 147.517 280 527 - 289 214 - - 
15 AYTF16KIL 18/02/2016 Kilcummin -22.295 147.517 280 408 - - - 203 180 
16 AYTM17DAL 13/10/2016 Dalby Box -27.350 151.176 343 543 - 277 240 - - 
17 AYTF17DAL 13/10/2016 Dalby Box -27.350 151.176 343 881 - - - 360 503 
Large scale genome-wide association study reveals that drought induced lodging in grain sorghum is mainly driven by remobilisation and plant height 
93 
 
Table 5-2 Overall BLUPs for lodging score (%), leaf senescence rating (1-9), plant height (cm), and grain yield (t ha-1), and the between 
trait correlations of the female and male testers across multiple trials. 











between lodging and 
leaf senescence rating 
Correlation coefficient 
between lodging and 
plant height 
B010054 Female 9.9 6.4 120.1 5.13 0.57 0.42 
B963676 Female 7.7 6.0 121.3 5.56 0.34 0.37 
B986604 Female 7.0 6.2 116.2 5.53 0.22 0.32 
R986087-2-4-1 Male 10.1 6.4 125.2 5.22 0.57 0.25 






harvest. Grains from each plot were harvested with a small plot harvester with integrated 
load cells; grain yield was later converted to tonnes per hectare. 
5.2.3 Statistical analysis 
Phenotypes were analysed using the linear mixed models implemented in the asreml-R 
package (Butler et al., 2009) using the R software version 3.3.2 (R Core Team, 2016). 
Genotype was included as a random effect and Best Linear Unbiased Predictors (BLUPs) 
for lodging, leaf senescence and plant height were predicted for all test hybrids in 
individual trials after accounting for spatial variation and randomisation processes used in 
the design. The concurrence of hybrids between locations and seasons allowed the trials 
to be included in multi-environment trials (MET) analysis. As there were no genotypes in 
common between AYTM and AYTF, MET analyses were conducted separately for the two 
types of trials. Factor analytic (FA) models were implemented in the MET analyses. The 
FA models accounted for spatial variation in individual trials and used between-trial 
correlations as environmental loadings through a variance matrix across trials (Smith et al., 
2001). An overall BLUP for each genotype across trials was subsequently predicted. 
Broad-sense heritability for each trait in individual trials was estimated according to the 
formula developed by Cullis et al. (2006) to account for spatial variability.  
5.2.4 Genotyping 
DNA from mixed leaf blade tissue of two-week-old seedlings of each line was extracted 
using procedures described by Diversity Arrays Technology 
(http://www.diversityarrays.com). Samples were genotyped with the DArTseqTM platform, 
which represents a combination of DArT complexity reduction methods based on methyl 
filtration and next-generation sequencing platforms (Kilian et al., 2012). A total of 24,135 
SNPs were identified for all female and male lines across three years, of which 11,435 
SNPs were polymorphic. Missing data were imputed with Beagle version 4.1 (Browning & 
Browning, 2016), with an accuracy of 94%, determined through multiple rounds of 
randomly masking genotypes, imputing genotype calls and correlating with genotype calls 
before masking. Following imputation and removal of SNPs with a minor allele count in 
less than 5 homozygous sample, the final marker data sets for the individual AYTM and 
ATYF trials consisted of between 3,290 and 7,577 SNPs. 
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5.2.5 Genome-wide association study (GWAS) 
GWAS for lodging was conducted separately for each tester/trial combination, in order to 
avoid the confounding effect of the differences in the genetic background of the testers 
and the differences in environments, using FarmCPU (Liu et al., 2016). As no population 
structure was observed for hybrids in combination with each tester, no covariate was 
included in GWAS. Parameter method.bin was set to “optimum” with the default settings of 
bin.size and bin.selection to optimise the possible QTN (quantitative trait nucleotide) 
window size and the number of possible QTNs selected into the FarmCPU model. Thirty-
nine separate GWAS were conducted for the thirty-four tester/trial combinations and 
hybrids in combination with each of the five testers across trials (five tester populations). 
To integrate the GWAS output across the 39 separate analyses, a comparable method to 
the mpQTL approach described previously (Mace et al., 2013a) was employed to calculate 
an integrated probability statistic, to identify regions of the genome that have a significant 
contribution to the variation of lodging in the tester/trial combinations studied. Specifically, 
the most significant marker for each tester/trial combination was selected from a sliding 
window of length 2 cM around each marker, based on the genetic distances calculated 
using the sorghum genetic linkage consensus map (Mace et al., 2009). This process was 
performed on each tester/trial combination separately to generate a series of probability 
values centred on each marker along each chromosome. The sum of these probability 
values across all trial combinations for each tester was then calculated, not including 
values where p>0.05 and plotted across the genome for each tester (Figure S5-1), with a 
threshold of sum(-log10(p)) >= 5.2 used to identify significance. This threshold is 
equivalent to a minimum of 4 trials with significance for lodging at p < 0.05 for each tester, 
and is more stringent than the criteria of using the Bonferroni corrected p value 
(0.05/Number of SNPs) for each single tester/trial combination. The peak position above 
the defined significance threshold for each genomic region across each tester was 
identified and the results combined across the five testers. Peaks within 2 cM of each 
other were considered as the same QTL across testers, with the peak position considered 
as the position with the highest sum(-log10(p)) within a 2 cM window. The confidence 
interval (CI) of a QTL was set to its peak position ± 1 cM. All QTL identified across the five 
tester populations were projected onto the sorghum consensus map (Mace et al., 2009) 
and visualised with MapChart v2.32 (Voorrips, 2002). 
QTL for lodging identified in the current study were identified as “QLDGX”, followed by 




occurrence on each chromosome, i.e. “QLDGX1.3” refers to the third QTL for lodging 
detected on chromosome 1. 
5.2.6 QTL haplotype identification 
SNPs within the QTL confidence interval of each QTL identified were used for haplotype 
identification within all male lines crossed to all three female testers and all female lines 
crossed to the two male testers separately. There was only one or no SNP within the 2 cM 
confidence interval of 5 QTL for female lines and of 2 QTL for male lines; hence, these 
regions were extended to 4 cM to include a minimum of two SNPs. The final number of 
SNPs within individual QTL ranged from 2 to 93 depending on the QTL and tester 
population.  
Given the co-ancestry of the breeding populations, the haplotypes represent regions that 
are identical-by-descent. Haplotypes were identified for both male and female lines using 
SNPs within a QTL using k-means clustering, with the number of clusters estimated by 
optimum average Silhouette width implemented in the “pamk” function of the “fpc” R 
package (Hennig, 2018). Haplotype information based on all male or female lines were 
then extracted for each tester population. 
Mean values of overall BLUPs for lodging score, leaf senescence, and plant height of each 
haplotype of each QTL × tester population were subsequently calculated. Analysis of 
variance (ANOVA) of the difference among the means of each trait for the haplotypes 
within each QTL/tester population was performed to test the effects of lodging QTL on leaf 
senescence and plant height. Haplotypes whose sample sizes were less than the number 
of haplotypes plus one were removed to reduce false positives. In order to determine the 
directions of the effects of lodging QTL on leaf senescence and plant height, mean values 
of leaf senescence and plant height of the two extreme haplotypes, which had the 
maximum and minimum average lodging scores, were calculated for each QTL/tester 
population. Differences in the mean leaf senescence and plant height of the two extreme 
haplotypes were compared to the corresponding difference in the mean lodging score for 
each QTL/tester population. 
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5.3.1 Phenotypic evaluation 
Mean lodging in the 17 trials varied from 2.5% to 37.3%, with heritability varying from 
33.3% to 89.4% with a mean of 66.0% (Table 5-3). Genetic correlations of lodging 
between trials varied from -0.24 to 0.79, with a mean of 0.29 for AYTM and 0.39 for AYTF 
trials (Table S5-1). Lack of correlation between particular trials was mainly due to 
genotype re-ranking rather than heterogeneity of variance. 
Visual ratings of leaf senescence were recorded in 9 of the 17 trials and varied in both 
mean and severity of leaf senescence. Across the nine trials, the range of the leaf 
senescence ratings varied from 1 to 9, with mean ratings varying from 4.2 to 7.8; 
difference between the ratings of the most and least senescent genotypes within individual 
trials varied from 4 to 7 (Table 5-3). Heritability of the trait was generally high, varying from 
45.3% to 75.4% with a mean of 65.5%. Genetic correlations of leaf senescence between 
trials ranged from 0.30 to 0.92, with a mean of 0.53 for AYTM and 0.39 for AYTF trials 
(Table S5-1). Lack of correlation between particular trials was due to the heterogeneity of 
variation rather than hybrid re-ranking. 
Plant height was measured in 11 of the 17 trials, with the range varying from 76 to 210 cm, 
and with mean plant height varying from 109 to 132.4 cm. Differences between the tallest 
and shortest plants within individual trials varied from 56 to 112 cm (Table 5-3). Heritability 
of plant height was very high, varying from 84.9% to 94.2%, with a mean of 88.7%. 
Genetic correlations of plant height between trials were also very high, varying from 0.76 
to 0.97, with a mean of 0.88 for AYTM and 0.86 for AYTF trials (Table S5-1). 
Twelve of the 17 trials were harvested and they varied in both the range and mean of grain 
yield. Across the 12 trials, the range of grain yield varied from 0 to 11.33 t ha-1, with mean 
yield varying from 2.59 to 7.25 t ha-1 (Table 5-3). Heritability of grain yield varied from 
34.9% to 77.1%, with a mean of 56.5%. Genetic correlations of yield between trials varied 
from -0.07 to 0.71, with a mean of 0.20 for AYTM and 0.11 for AYTF trials (Table S5-1). 
Strong positive correlations between overall BLUPs for lodging and leaf senescence 
ranged from 0.22 to 0.58, and between overall BLUPs of lodging and plant height ranged 




and plant height in individual trials were also positive for all five tester populations (Figure 
S5-2). 
Between-trait correlations of hybrids varied between the testers (Table 5-2; Figure 5-1; 
Figure S5-2). Comparisons could only be made within female or male testers but could not 
be made between male and female testers because even though they were grown at the 
same locations, the male and female tester hybrids were grown in different trials and there 
were differences in the genetic variance of the traits in the different parental pools. 
However, the same general trends were observed. Testers with low breeding values for 
leaf senescence (low lodging scores) in both female and male trials showed low 
correlations between leaf senescence and lodging (Table 5-2; Figure 5-1; Figure S5-2). 
The female tester with the lowest breeding value for height (shortest) showed the lowest 
correlation between hybrid height and lodging. In contrast, within the male testers the line 
with the higher breeding value for height (tallest, R986087-2-4-1) displayed a lower 
association between height and lodging. 
5.3.2 QTL identification 
Across the 39 tester/trial combinations, a total of 213 unique QTL for lodging were 
detected. These QTL were distributed across all 10 chromosomes. Each individual QTL 
was detected in multiple tester/trial combinations, with 75% of the QTL identified in at least 
five tester/trial combinations (Table S5-2).  
The number of QTL identified per tester population differed largely, with the least number 
of QTL (i.e. 59 and 64 respectively) detected for the R986087-2-4-1 and R993396 hybrids 
of the AYTF trials and the most number of QTL identified for the B963676 hybrids in the 
AYTM trials (176 QTL). The majority of the lodging QTL were in common across tester 
populations, with 61% (i.e. 129) displaying significant effects in at least two tester 
populations (Table S5-2). Of the lodging QTL which were identified in only one population, 
the majority (i.e. 60/84) were identified in the B963676 hybrid trials. 
5.3.3 Association of leaf senescence and plant height with lodging QTL 
The QTL that affected lodging showed consistent directions of effect for both plant height 
and leaf senescence. In both the male and female populations, the QTL haplotypes with 
high lodging tended to have high leaf senescence. Similarly, the QTL haplotypes with high 
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lodging tended to be taller. The 213 QTL by 5 testers produced 1065 instances where the 




Table 5-3 Trait characteristics of hybrids grown in the 17 advanced yield testing (AYT) trials for males (AYTM) and females (AYTF) lines. 
Trial code Trial Sowing date 
Lodging (%) Leaf senescence Height (cm) Yield (t ha-1) 
Range Mean H2 (%) Range Mean H2 (%) Range Mean H2 (%) Range Mean H2 (%) 
4 AYTM15CAP 11/01/2015 0 - 75 2.5 84.4 5 - 9 7.4 67.1 84 - 182 121.8 88.7 1.08 - 4.57 3.01 34.9 
3 AYTM15JIM 17/12/2014 0 - 80 5.4 89.4 3 - 9 6.3 75.3 - - - 1.47 - 7.03 4.33 69.7 
11 AYTF16ORI 15/02/2016 2 - 50 9.0 36.5 - - - 76 - 146 115.7 84.9 0.84 - 5.80 2.86 36.1 
12 AYTM16EME 16/02/2016 0 - 95 10.7 60.1 1 - 8 4.2 52.0 80 - 164 109.3 85.1 0.00 - 8.07 2.63 54.2 
8 AYTM16WAR 21/12/2015 10 - 70 12.6 33.3 3 - 9 6.0 74.1 92 - 200 123.5 90.3 2.64 - 11.33 7.25 63.6 
10 AYTM16ORI 15/02/2016 2 - 90 14.7 62.5 - - - 76 - 160 109.0 90.2 0.07 - 6.39 2.90 56.9 
5 AYTM15EME 12/01/2015 0 - 80 15.6 85.4 4 - 9 7.4 72.3 96 - 168 121.0 88.8 1.00 - 6.11 3.13 68.0 
15 AYTF16KIL 18/02/2016 0 - 95 17.4 57.0 - - - 92 - 148 124.9 91.4 0.00 - 6.22 2.59 61.1 
6 AYTM16CRO 23/09/2015 10 - 80 19.0 53.8 - - - - - - 3.18 - 7.76 5.78 37.4 
2 AYTM15WAR 3/12/2014 10 - 90 23.4 79.3 - - - 98 - 210 132.4 86.2 3.05 - 10.22 7.00 77.1 
7 AYTF16CRO 23/09/2015 10 - 80 25.3 67.3 - - - - - - 1.50 - 7.84 5.40 44.5 
9 AYTF16WAR 21/12/2015 10 - 90 25.9 57.9 5 - 9 7.8 75.4 100 - 164 129.7 87.7 3.13 - 10.64 6.66 74.6 
16 AYTM17DAL 13/10/2016 10 - 90 28.2 68.4 4 - 9 6.3 65.5 - - - - - - 
14 AYTM16KIL 18/02/2016 0 - 100 31.3 64.0 - - - 88 - 172 117.3 94.2 - - - 
13 AYTF16EME 16/02/2016 0 - 100 32.2 67.2 2 - 8 6.0 45.3 84 - 144 121.6 87.8 - - - 
17 AYTF17DAL 13/10/2016 10 - 90 33.1 72.9 3 - 9 6.0 62.5 - - - - - - 
1 AYTM15CUR 28/10/2014 10 - 90 37.3 82.7 - - - - - - - - - 
 




Figure 5-1 Correlations between overall BLUPs for leaf senescence, plant height, and lodging by tester. B010054, B963676, B986604, 




traits. For leaf senescence in 808 of 1065 instances, the high lodging haplotype 
corresponded with the high senescence haplotype. For plant height in 799 of 1065 
instances, the high lodging haplotype corresponded with the tall haplotype. The direction 
and significance of these haplotype differences are shown in Table S5-2. 
Only 16 lodging QTL were not significantly associated with either plant height or leaf 
senescence in at least one tester. In addition, 6 lodging QTL were associated with leaf 
senescence or plant height but showed the opposite haplotype effects (i.e. high lodging 
haplotypes had lower leaf senescence or were shorter). These 22 QTL were defined as 
non-pleiotropic effect QTL (npQTL) (Figure 5-2; Table S5-2).  
5.3.4 Co-location with previously identified QTL for lodging and stalk rots  
Six of the seven previously identified QTL contributing to lodging resistance (Kebede et al., 
2001; Murray et al., 2008a; Srinivasa Reddy et al., 2008) were able to be projected onto 
the sorghum genetic linkage consensus map and all 6 overlapped with lodging QTL 
identified in this study (Figure 5-2). These six QTL were identified in mapping populations 
of between 93 and 176 individuals and hence had large confidence intervals.  
Two previous studies detected 34 unique QTL for resistance to charcoal rot and/or 
Fusarium stalk rot (Srinivasa Reddy et al., 2008; Adeyanju et al., 2015), of which 12 
overlapped with lodging QTL detected in this study (Fig 2). Eleven of these 12 overlapping 
lodging QTL were associated with leaf senescence and/or plant height, with only one of 
the charcoal rot QTL co-locating with the npQTL for lodging. 
5.3.5 Co-location with genes for stem composition 
Very few genes for stem composition have been identified and confirmed in sorghum. 
Based on phylogenetic relationships with functionally confirmed genes in sorghum and 
other species, predicted translational protein functions, enzymatic activity assay, and gene 
expression patterns, 21 candidate genes in the lignin biosynthesis pathways have been 
identified in sorghum (Bout & Vermerris, 2003; Saballos et al., 2009, 2012, Sattler et al., 
2009, 2017, Walker et al., 2013, 2016, Jun et al., 2017, 2018; Wang et al., 2017b). 
Additionally, the major morphological D gene, which changes the structure of the sorghum 
pith, was recently cloned (Zhang et al., 2018). Each of these genes was compared to the 
location of the QTL for lodging identified in this study.  




Figure 5-2 213 lodging QTL identified across testers projected onto the sorghum consensus genetic map and identified as horizontal 
segments on each chromosome and colour-coded as follows: lodging QTL that significantly affect leaf senescence (green), lodging QTL 
that significantly affect plant height (pink), lodging QTL that significantly affect both leaf senescence and plant height (black), QTL did not 
affect either leaf senescence or plant height (red). Brown vertical bars to the right of each chromosome marked as "LDG" represent the 
locations of QTL previously detected for lodging (Kebede et al., 2001; Murray et al., 2008; Srinivasa Reddy et al., 2008); the black bars 
indicate the location of a QTL previously reported for charcoal rot and/or Fusarium stalk rot (Srinivasa Reddy et al., 2008; Adeyanju et al., 




green to the right of each chromosome, and those that did not co-locate with lodging QTL are highlighted in blue (Bout & Vermerris, 
2003; Saballos et al., 2009, 2012, Sattler et al., 2009, 2017, Walker et al., 2013, 2016, Jun et al., 2017, 2018; Wang et al., 2017b). The 
location of the recently cloned Dry gene is highlighted in red (Zhang et al., 2018).
Large scale genome-wide association study reveals that drought induced lodging in grain sorghum 
is mainly driven by remobilisation and plant height 
105 
 
Twelve of the 21 genes in the lignin biosynthesis pathway in sorghum were located within 
the lodging QTL identified in this study, representing a significant enrichment (χ2 test, p 
value = 0.008) (Figure 5-2). To confirm this enrichment, comparison was made to multiple 
sets of 21 randomly selected sorghum house-keeping genes identified from Arabidopsis 
thaliana (Scheideler et al., 2002) and these were found not to be significantly enriched 
within the lodging QTL identified in this study (χ2 test, p value = 0.07, average of 20 
independent random samplings). 
The recently cloned Dry gene controls the stem juice content and the composition and 
structure of the stem pith, and influences the water content of the stem (Zhang et al., 
2018). For this reason, the gene is likely to affect stem strength. It was found to be co-
located with one of the QTL associated with leaf senescence, QLDGX6.9. 
5.4 Discussion 
Sorghum crops experiencing drought stress during grain filling often lodge, resulting in 
substantial yield losses. Lodging can be affected by many factors such as plant stature, 
stay-green and stalk rots. Plant height may further influence lodging by changing the 
mechanical stress experienced by the stem. If stalk rotting pathogens are present and 
environmental circumstances are favourable, lodging is further exacerbated by the 
degradation of the stem. Direct selection for resistance to stalk rots has not proven to be 
effective in reducing lodging susceptibility. To date, selection for lodging resistance has 
been based on selection against lodging susceptibility and to some extent selection for 
stay-green (Jordan et al., 2012). A major challenge to this approach is that genotypes that 
are more susceptible to lodging also tend to have higher yield potential and hence are 
more likely to suffer carbohydrate shortages when carbon supply is restricted by drought. 
As a result, selection for lodging resistance constrains genetic gain for grain yield and vice 
versa. Little is known about the genetic architecture of the trait due to its complexity. Here, 
with a view to improving the efficiency of selection for lodging resistance, we present the 
largest investigation of the genetic architecture of lodging in sorghum to date. The results 
of this study have revealed the complexity of the genetic architecture of the trait with over 
200 QTL identified. Of these QTL, over 90% were also associated with differences in plant 




5.4.1 Lodging is under complex genetic control 
In this study, we conducted GWAS across 39 separate tester/trial combinations involving 
2308 unique elite F1 hybrids in 17 pre-breeding trials across 9 locations in 3 growing 
seasons. The populations explored variation in both the male and female parental pools. 
We identified 213 QTL for lodging, which was equivalent to an average of 5.6 QTL per 
tester/trial combination. Three quarters of the QTL were detected in at least five and 91 
QTL in more than 10 tester/trial combinations (Table S5-2). The large number of QTL 
identified in this study demonstrates that lodging is a highly quantitative trait, and is one of 
the most complex traits reported to date, e.g. the sorghum QTL Atlas (Mace et al., 2019) 
reports that on average 12 QTL or significant marker-trait associations have been 
identified per study/trait.  
All previous QTL mapping studies for lodging resistance in sorghum were conducted in 
small bi-parental populations (93-176 individuals) in a limited number of environments (1-
3). These studies have identified a total of 7 QTL, on average 2.3 QTL/study, none of 
which overlapped between studies (Kebede et al., 2001; Murray et al., 2008a; Srinivasa 
Reddy et al., 2008). However, 6 of the 7 QTL projected onto the sorghum consensus map 
(Mace et al., 2009) overlapped with QTL identified in the current study (Figure 5-2). 
5.4.2 Carbohydrate remobilisation and plant height are the major drivers of lodging 
Leaf senescence rated at maturity in sorghum subjected to water stress during grain filling 
provides a measure of the degree of remobilisation required to fill the developing grain. 
The degree of senescence is related to the imbalance between the demand and supply of 
carbohydrate within the plant. Remobilisation of carbohydrate reserves from the stem and 
leaves ultimately results in tissue death and predisposes the plant to lodging. The degree 
of lodging can be further modified by constitutive factors of the stem and by pathogen 
invasion. In this study, we found that the lodging score was positively correlated (p<0.001) 
with leaf senescence, across environments and genetic background of testers (Table 5-2; 
Figure 5-1; Figure S5-2A). Sixty-nine percent of the 213 lodging QTL identified showed a 
significant positive association between lodging score and leaf senescence (Table S5-2). 
This clearly demonstrates the central role of carbohydrate remobilisation in lodging. This is 
in line with the earlier studies (Rosenow, 1980; Henzell et al., 1984; Rosenow & Clark, 
1995) that showed increased lodging was associated with increased leaf senescence. 
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This and other studies led to the adoption of the stay-green trait (delayed leaf senescence) 
as an additional defensive trait in Australia and the USA, where it has led to significant 
increases in grain yield as well as reduced lodging (Henzell et al., 1992; Henzell & Hare, 
1996; Rosenow et al., 1997; Jordan et al., 2012). The results from both our study and 
previous studies indicate that the stay-green trait, a delayed leaf senescence, is a very 
useful trait in reducing stalk lodging. 
This study also detected a significant positive association between lodging score and plant 
height regardless of the environments and genetic background of testers (Figure 5-1; 
Figure S5-2B). A positive association between lodging and plant height has also been 
reported by earlier studies (Esechie et al., 1977; Henzell et al., 1984; Srinivasa Reddy et 
al., 2008; Gomez et al., 2017b, 2018). In agreement with the phenotypic association 
between plant height and lodging score, the haplotype ANOVA results revealed that 66% 
of the 213 lodging QTL identified in this study significantly affected lodging susceptibility 
with taller plants being more susceptible to lodging (Table S5-2). However, similar to stay-
green, differences in the association between plant height and lodging were observed 
amongst the testers (Table 5-2; Figure 5-1). Testers with more stay-green were less 
susceptible to negative effects of increased plant height on lodging. In fact, the male tester 
with a lower leaf senescence value (R986087-2-4-1) produced hybrids with higher average 
height but showed a lower association between height and lodging. Similar protective 
effects of stay-green were observed when the female testers were compared. Compared 
to B010054, the less leaf senescent female tester B963676 that also produced taller 
hybrids on average showed a lower association between height and lodging. 
We also investigated the impact of yield potential on lodging because high yielding 
genotypes tend to remobilise more stem reserves for grain filling, which potentially causes 
more lodging. Our data suggest that yield potential is an important factor in lodging. 
Overall BLUPs for lodging were predicted to get a measure of lodging propensity for each 
hybrid and single trial BLUPs for grain yield were predicted for each hybrid in individual 
trials. We calculated the correlation between overall BLUPs for lodging and single trial 
BLUPs for yield for trials where lodging did not occur and observed significant, positive 
correlations in 24 of the 45 tester/trial combinations and significant, negative correlations in 




5.4.3 The impact of stalk rotting pathogens 
Stalk rots can also accelerate lodging of infected plants. Very few studies have identified 
QTL for resistance to stalk rot in sorghum to date. Twelve of the 34 unique stalk rot 
resistance QTL previously detected (Srinivasa Reddy et al., 2008; Adeyanju et al., 2015) 
overlapped with lodging QTL in this study, 11 of which were associated with leaf 
senescence and/or plant height (Figure 5-2). Given that Fusarium spp. and Macrophomina 
phaseolina are necrotrophs (Dodd, 1980) and the observation of the substantial 
association with remobilisation and/or plant height, it seems likely that classical resistance 
genes are of limited importance in the selection for enhanced lodging resistance. 
5.4.4 The impact of stem composition  
Twelve of the 21 genes involved in lignin biosynthesis (Bout & Vermerris, 2003; Saballos 
et al., 2009, 2012, Sattler et al., 2009, 2017, Walker et al., 2013, 2016, Jun et al., 2017, 
2018; Wang et al., 2017b) were located within genomic regions associated with lodging in 
this study (Figure 5-2), representing a significant enrichment (χ2 test, p value = 0.008). 
Lodging resistant sorghum generally have more lignification, both in the number of cells 
with lignified walls and in the degree of lignification in the epidermis, sub-epidermis, and 
vascular bundles (Schertz & Rosenow, 1977). Similar results have been previously 
observed in maize, with reduced lignin content in the stem resulting in increased stalk 
lodging (Sun et al., 2018). 
Sorghum brown midrib (bmr) mutants have reduced lignin content in their stems (Porter et 
al. 1978; Bout and Vermerris 2003; Saballos et al. 2008). It is not clear whether bmr 
sorghums are more prone to lodging. Previous studies have reported that sorghum lines 
with both increased (e.g. SbMyb60 overexpression plants) and reduced lignin content (e.g. 
bmr lines) can provide the same level of or higher resistance to Fusarium spp. and 
Macrophomina phaseolina than sorghum lines with normal lignin content (Funnell-Harris et 
al. 2010, 2014, 2017, 2018, 2019). This might be due to the inhibition the infection of stalk 
rotting pathogens by cell-wall-bound phenolic compounds from monolignol biosynthesis 
that can induce defensible pathways (Funnell-Harris et al. 2017). Therefore, the role of 
lignin in lodging resistance may act in two ways, either by providing mechanical support to 
the stem (Bashford et al. 1976) or by restricting the infection of stalk rotting pathogens. 
The recently cloned Dry gene controls the stem juice content and the composition and 
structure of the stem pith, and influences the water content of the stem (Zhang et al., 
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2018). We found that the Dry gene co-located with one of the QTL associated with leaf 
senescence (QLDGX6.9). Using markers within the Dry gene, four haplotypes were 
identified and they differed in lodging severity (data not presented). For the above reasons, 
we believe that the gene is likely to affect stem strength and thus lodging. 
These two co-locations with lodging QTL suggest stem composition plays an important 
role in lodging, and could be a useful target for selection. 
5.4.5 Implications for breeding and future research 
The identification of 213 QTL in this study demonstrates that lodging is a highly 
quantitative trait with multiple QTL each of small effect.  
Lodging is affected by many traits with confounding effects. However, one primary cause 
of lodging is the imbalance between the supply and demand of carbohydrate during grain 
filling. A breeding program selecting for lodging resistance per se is likely to be of limited 
effectiveness because of the trade-off with yield. Our study showed that there is a strong 
association between grain yield potential and lodging susceptibility (Table S5-3). This 
suggests that sorghum breeders must be cautious when selecting directly for lodging 
resistance as it is likely to significantly constrain genetic gain for yield. The results support 
the current practice of direct selection for increased yield and indirect selection for lodging 
resistance by selecting for delayed leaf senescence (stay-green). In addition to its role in 
reducing lodging, the integrating stay-green phenotype has been shown to be associated 
with increased yield in most Australian sorghum environments (Henzell et al., 1992; 
Henzell & Hare, 1996; Borrell et al., 2000b, 2014b; Jordan et al., 2012) and the USA 
(Rosenow et al., 1997). 
Our study confirmed the undocumented observation by Australian sorghum industry 
personnel that increased plant height is associated with increased propensity to lodging 
(Table 5-2; Figure 5-1; Figure S5-2B). However, as with yield, sorghum breeders need to 
be cautious when selecting for lodging resistance through the selection for short plants 
because taller plants tend to have higher potential grain yield (Jordan et al., 2003). Our 
research indicates that the traits associated with the integrating stay-green phenotype 
provides protective effects, weakening the association between plant height and lodging 
(Table 5-2; Figure 5-1). Therefore, there would appear to be opportunities to increase 
genetic yield gain by increasing height while reducing lodging susceptibility through 




Although stalk rots can promote the development and the severity of lodging, previous 
studies suggest stalk rot susceptibility is affected by source-sink relationships and 
considered to be a problem under post-anthesis stresses (Dodd, 1980; Henzell et al., 
1984; Rosenow, 1984; Rosenow & Clark, 1995). Consistent with these early studies, we 
found that 12 of the 34 QTL for stalk rot resistance co-located with lodging QTL in this 
study, 11 of which were related to leaf senescence and/or plant height (Figure 5-2). Direct 
selection for resistance to stalk rots has not been proven to be effective in reducing 
lodging susceptibility. Our data indicates that classical resistance genes to stalk rots are 
likely to be of limited importance in breeding for increased lodging resistance. 
Co-locations of the genes for stem composition with lodging QTL in the study highlight the 
importance of stem strength and composition in lodging resistance. More research is 
required to investigate the relationship between morphological, mechanical, and composite 
traits of the stem and lodging resistance. The identification of traits related to physical stem 
strength that can improve resistance to lodging may prove to be a more effective and 
efficient way by reducing the dependency of screening lodging in drought conditions during 
grain filling. 
5.5 Conclusions 
The detection of 213 QTL clearly demonstrates that water stress induced lodging is a 
complex trait in grain sorghum. The majority of these QTL were associated with leaf 
senescence and/or plant height, which suggests that lodging in grain sorghum in Australia 
is mainly driven by the source-sink relationship of carbohydrate and plant height. Sorghum 
breeders need to be cautious when selecting for both lodging resistance per se and short 
plants because of the likely negative consequences on grain yield. Instead, our study 
supports selecting for stay-green (delayed leaf senescence) to reduce lodging 
susceptibility. Additionally, our data indicated that the stay-green phenotype displayed a 
protective effect, weakening the positive association between lodging susceptibility and 
plant height. Therefore, the combination of selection for both delayed leaf senescence and 
increased plant height could allow for both enhancing genetic yield improvement and 
reducing susceptibility to lodging. Additionally whilst our study indicated that resistance to 
lodging is unlikely to benefit from the selection for classical resistant genes to stalk rots, 




Chapter 6 Summary 
The broad aim of this thesis was to gain a better understanding of sorghum yield 
performance under diverse water limited environments and identify potential strategies to 
improve the rate of genetic gain for grain yield based on the knowledge generated.  
6.1 Key findings and research implications 
The main findings of this thesis are outlined below and summarised in Figure 6-1. 
1. This thesis investigated the impacts of flowering time and fertile tiller number on 
grain yield across diverse environments in Australia. Genetic variance in grain yield 
contributed by flowering time and fertile tiller number varied across trials and genetic 
background of female testers, with significant contributions (0.2-61.0% by flowering time 
and 1.4-56.9% by fertile tiller number) detected in a quarter of the 48 tester/trial 
combinations (14 for flowering time and 12 for fertile tiller number). The relationship of 
flowering time and fertile tiller number with grain yield were generally positive, but affected 
by both the environment and genetic background of female testers. In addition, genetic 
correlations for grain yield between trials were not improved after adjusting for the 
confounding effects of flowering time and fertile tiller number using linear models, 
indicating little additional genotype × environment interaction was accounted for by 
flowering time and fertile tiller number. These results suggest that other genetic factors 
affecting canopy development dynamics and grain yield might contribute more genetic 
variation in grain yield. It is possible that the linear mixed models used did not capture the 
non-linear effects of flowering time and fertile tiller number on yield. The results also 
suggest the opportunity to use methods such as crop growth models and genomic 
selection to simultaneously consider a range of key adaptive traits in the pursuit of more 
rapid genetic gain from breeding situations with confounding genotype × environment 
interaction. 
2. This thesis analysed the occurrence and severity of lodging across regions and 
seasons. Lodging was prevalent over almost all production regions in Australia but with 
varying frequency and severity. Regions with lodging occurring more frequently tended to 
have either less in-crop rainfall and/or shallower soil, whereas regions with lodging 
occurring less frequently tended to have more in-crop rainfall and deeper soil. Seasonal 
variations in lodging frequency and severity were also observed, with 29% of the seasonal 




results support the previous observation that water availability is an important factor in 
driving lodging (Henzell et al., 1984). However, despite strong selection for reduced 
lodging by commercial sorghum breeders, there was no evidence to suggest that lodging 
resistance of commercial hybrids had been improved over the 14 years of the study. It is 
likely that this is due to the trade-off sorghum breeders make between improving lodging 
resistance and increasing grain yield, through selection for hybrids with high yield 
potential and simultaneous selection against lodging susceptibility rather than selection for 
improved lodging resistance. 
3. This thesis dissected the genetic architecture of stalk lodging and its relationship 
with other associated traits. The identification of 213 QTL for lodging clearly demonstrated 
that lodging is a complex trait. The majority (93%) of the 213 QTL identified were 
associated with leaf senescence and plant height, indicating that lodging in grain sorghum 
in Australia is mainly driven by carbon remobilisation and plant height. Together with the 
strong positive association between yield potential and lodging susceptibility, these results 
suggest that sorghum breeders must be cautious when selecting directly for lodging 
resistance per se because of the possibility to constrain genetic gain for grain yield. These 
findings support the current practice of direct selection for increased yield and indirect 
selection for lodging resistance through the selection for stay-green (delayed leaf 
senescence). Sorghum breeders also need to be cautious when selecting for lodging 
resistance by selecting for short stature because of the higher yield potential associated 
with taller plants (Jordan et al., 2003). However, the protective effect of stay-green to 
weaken the association between plant height and lodging susceptibility observed in this 
thesis suggests an opportunity to achieve higher genetic gain for yield while increasing 
lodging resistance through simultaneous selection for increased height and stay-green. 
4. The thesis also found that around one third (i.e. 12) of the previously reported QTL 
for stalk rots overlapped with lodging QTL in this study, 11 of which co-located with leaf 
senescence and/or plant height. The result indicates that genes providing classical 
resistance to stalk rots are unlikely to be effective in breeding for enhanced lodging 
resistance because susceptibility to stalk rots per se is considered to be influenced by 
carbon remobilisation within the plant (Dodd, 1980; Henzell et al., 1984; Rosenow, 1984; 
Rosenow & Clark, 1995). However, genes in lignin biosynthesis pathways were 
significantly enriched within the genomic regions for lodging, indicating that lodging 
resistance is likely to be improved by selecting for stem strength and composition traits 





Figure 6-1 A conceptual diagram of the key findings of the thesis. SOI is the abbreviation 
for the Southern Oscillation Index. “+” indicates a significantly positive relationships of 
lodging susceptibility to yield potential, stay-green (delayed leaf senescence), or plant 
height. 
6.2 Future research 
This thesis suggests regional and seasonal variations in lodging occurrence are 
associated with water availability. Soil water supply is not only affected by regional and 
seasonal rainfall, but also by management practices. Together with genotypic difference in 
water demand over the crop life cycle, soil water supply of varying extent and timing 
affects the individual growth environment of different varieties. Therefore, each individual 
sorghum variety is likely to experience different environment types even when they were 
grown in the same trial. To fully unravel lodging patterns across different environments, a 
link between lodging occurrence and environment types is needed. To do so, crop growth 
models such as the sorghum module implemented in the APSIM platform (Hammer et al., 
2010) are needed to estimate the environment types of all genotypes in all combinations of 
seasons and locations. 
Further research is needed to investigate the protective effect of the stay-green phenotype 




better understanding of this protective effect will enable both enhanced genetic gain for 
grain yield and reduced lodging susceptibility through the simultaneous selection for stay-
green and tall plants. 
Currently, lodging is screened after maturity by growing large scale field trials in multiple 
locations and years, which is very time-consuming and costly. The enrichment of genes in 
the lignin biosynthesis pathways within genomic regions associated with lodging indicates 
the importance of stem strength and composition in improving resistance to lodging. 
Therefore, further research is needed to identify component traits of stem strength and 
composition that can improve lodging resistance. The successful identification of these 
traits will provide a more cost-effective and less time-consuming way to screen lodging 
resistance by reducing the dependency of screening lodging in drought conditions during 
grain filling. 
Genomic selection is a promising method to increase the efficiency of selection for 
complex traits. It uses the genotypic and phenotypic data of the training population to 
develop a statistical model that is subsequently used to predict genomic estimated 
breeding values of selection candidates, which are genotyped but not phenotyped 
(Meuwissen et al., 2001). Genomic selection can increase the number of selection 
candidates without the actual need to grow all of them in the field (Heffner et al., 2010). 
Selection can be made on breeding lines with enhanced lodging resistance based on 
genomic prediction rather than phenotyping all lines in multi-environment trials. Therefore, 
it will be an efficient and effective way to simultaneously improve lodging resistance and 
grain yield through the implementation of genomic selection in sorghum breeding 
programs. Three recent publications have already demonstrated the possibility of 
implementing genomic selection in sorghum breeding programs (Fernandes et al., 2018; 
Hunt et al., 2018; Velazco et al., 2019). 
Crop growth models such as the Agricultural Production Systems sIMulator (APSIM) are 
able to capture genotype × environment interaction on grain yield across diverse 
environments (Hammer et al., 2010, 2014), and hence can be applied in a crop breeding 
context to extract genotype × environment interactions from breeding trials to amplify the 
genetic signal from drought adaptation. Therefore, more genotype × environment 
interaction due to phenotypic variations in flowering time and fertile tiller number may be 
deconstructed by crop growth models. Additionally, recent advances in the more 




Cooper et al., 2016; Messina et al., 2018) provides an opportunity to consider 
simultaneously a broader range of key adaptive traits in the pursuit of more rapid genetic 
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Table S3-1 Details of the 21 trials and the number of hybrid combinations for each female tester in the 2015-17 summer growing 
seasons. 







No. of  
Genotypes 
Percentage of  
genotypes  
replicated 
No. of hybrid in combination with 




B010054 B963676 B986604 
AYTM15DAL 2015 Dalby Box AYT SQ 16/10/2014 -27.378, 151.226 345 766 577 32 213 295 58 566 
AYTM15GAT 2015 Gatton AYT SQ 20/10/2014 -27.549, 152.326 90 597 445 33 176 230 31 437 
AYTM15SPR 2015 Spring Ridge AYT NNSW 28/10/2014 -31.362, 150.232 310 775 580 33 222 292 55 569 
PYTM15WAR 2015 Warwick PYT SQ 3/12/2014 -28.214, 152.105 465 784 584 33 3 571 2 576 
AYTM15WAR 2015 Warwick AYT SQ 3/12/2014 -28.214, 152.105 465 766 582 31 217 296 59 572 
AYTM15JIM 2015 Jimbour AYT SQ 17/12/2014 -27.029, 151.198 347 781 575 35 214 296 55 565 
AYTM15CAP 2015 Capella AYT CQ 11/01/2015 -23.222, 148.114 235 776 590 29 216 303 58 577 
AYTM15EME 2015 Emerald AYT CQ 12/01/2015 -23.529, 148.213 161 798 611 28 228 309 61 598 
AYTM16CRO 2016 Croppa Creek AYT NNSW 23/09/2015 -29.046, 150.332 277 960 710 27 - 397 293 690 
AYTM16DAL 2016 Dalby Box AYT SQ 20/10/2015 -27.374, 151.226 361 1120 852 25 - 428 403 831 
AYTM16SPR 2016 Spring Ridge AYT NNSW 10/11/2015 -31.390, 150.223 315 1200 891 28 - 438 432 870 
AYTM16BLA 2016 Blackville AYT NNSW 10/11/2015 -31.596, 150.296 343 960 731 23 - 408 302 710 
AYTM16PIR 2016 Pirrinuan AYT SQ 17/11/2015 -27.096, 151.222 356 1160 878 25 - 428 429 857 
AYTM16JAN 2016 Jandowae AYT SQ 8/12/2015 -26.891, 151.127 343 1000 748 26 - 416 311 727 
AYTM16WAR 2016 Warwick AYT SQ 21/12/2015 -28.211, 152.104 459 1224 925 26 - 457 447 904 
AYTM16ORI 2016 Orion AYT CQ 15/02/2016 -24.231, 148.411 234 960 706 28 - 393 289 682 
AYTM16EME 2016 Emerald AYT CQ 16/02/2016 -23.529, 148.213 161 1120 835 27 - 418 393 811 
AYTM17MAC 2017 Macalister AYT SQ 11/10/2016 -27.028, 151.093 353 750 523 28 - 264 233 497 
AYTM17CAR 2017 Caroona AYT NNSW 2/11/2016 -31.303, 150.382 311 800 556 29 - 284 245 529 
AYTM17BLA 2017 Pine Ridge AYT NNSW 8/11/2016 -31.483, 150.450 325 800 538 33 - 275 237 512 




















































































































































































































PYTM15WAR 1 -0.25 0.18 0.16 0.38 0.62 0.52 0.16 -0.05 0.07 0.21 0.2 0.34 0.19 0.26 0.07 0.02 -0.57 -0.24 -0.71 0.59 
AYTM15CAP -0.25 1 0.01 0.18 0.11 0.07 0.11 0.13 0.19 0.33 -0.05 -0.15 -0.12 0.04 0.16 0.02 -0.05 0.02 0.1 0 0 
AYTM15DAL 0.18 0.01 1 0.12 0.29 0.28 0.22 0.17 0.18 0.08 0.08 -0.19 0.12 0.05 0.06 0.09 0.17 0.02 0.01 -0.02 -0.15 
AYTM15EME 0.16 0.18 0.12 1 0.2 0.38 0.36 0.06 -0.11 0.09 0.03 0.15 -0.05 0.08 0.19 0.03 0.01 0.08 0.18 0.16 0.01 
AYTM15GAT 0.38 0.11 0.29 0.2 1 0.45 0.23 0.17 -0.07 0.22 0.17 -0.18 0.29 0.14 -0.07 0.07 -0.03 -0.14 0.15 0.04 0.1 
AYTM15WAR 0.62 0.07 0.28 0.38 0.45 1 0.42 0.13 -0.09 -0.01 0.19 0.08 0.22 0.06 -0.08 0.12 -0.05 -0.28 0.14 -0.19 0.03 
AYTM15JIM 0.52 0.11 0.22 0.36 0.23 0.42 1 0.18 0.04 -0.02 0.15 0.15 -0.01 0.06 0.13 0.09 -0.04 0.01 -0.2 -0.07 0.17 
AYTM15SPR 0.16 0.13 0.17 0.06 0.17 0.13 0.18 1 0.12 0.08 0.3 -0.2 -0.06 0.12 -0.07 0.15 0.15 0.13 -0.02 0.06 0.04 
AYTM16BLA -0.05 0.19 0.18 -0.11 -0.07 -0.09 0.04 0.12 1 0.16 0.13 -0.09 0.03 0.12 0.14 0.21 0.33 0.21 0.09 0.2 -0.01 
AYTM16CRO 0.07 0.33 0.08 0.09 0.22 -0.01 -0.02 0.08 0.16 1 -0.06 0.07 -0.02 0.08 0.19 0.05 0.2 0.07 0.11 0.08 -0.09 
AYTM16DAL 0.21 -0.05 0.08 0.03 0.17 0.19 0.15 0.3 0.13 -0.06 1 0.01 0.16 0.07 -0.02 0.16 0.12 -0.06 0.02 -0.01 0.31 
AYTM16EME 0.2 -0.15 -0.19 0.15 -0.18 0.08 0.15 -0.2 -0.09 0.07 0.01 1 0 -0.01 0.27 -0.03 -0.09 -0.04 -0.06 -0.29 -0.04 
AYTM16WAR 0.34 -0.12 0.12 -0.05 0.29 0.22 -0.01 -0.06 0.03 -0.02 0.16 0 1 0.29 -0.09 0.2 0 -0.14 0.1 -0.07 -0.13 
AYTM16JAN 0.19 0.04 0.05 0.08 0.14 0.06 0.06 0.12 0.12 0.08 0.07 -0.01 0.29 1 0.09 0.19 0.07 -0.1 0.12 0.11 0 
AYTM16ORI 0.26 0.16 0.06 0.19 -0.07 -0.08 0.13 -0.07 0.14 0.19 -0.02 0.27 -0.09 0.09 1 0.1 0.14 0.24 -0.02 0.04 -0.05 
AYTM16PIR 0.07 0.02 0.09 0.03 0.07 0.12 0.09 0.15 0.21 0.05 0.16 -0.03 0.2 0.19 0.1 1 0.18 -0.03 0.12 0.06 -0.05 
AYTM16SPR 0.02 -0.05 0.17 0.01 -0.03 -0.05 -0.04 0.15 0.33 0.2 0.12 -0.09 0 0.07 0.14 0.18 1 0.36 -0.15 0.3 0.02 
AYTM17PIN -0.57 0.02 0.02 0.08 -0.14 -0.28 0.01 0.13 0.21 0.07 -0.06 -0.04 -0.14 -0.1 0.24 -0.03 0.36 1 0 0.33 0.3 
AYTM17EME -0.24 0.1 0.01 0.18 0.15 0.14 -0.2 -0.02 0.09 0.11 0.02 -0.06 0.1 0.12 -0.02 0.12 -0.15 0 1 0.07 0.08 
AYTM17MAC -0.71 0 -0.02 0.16 0.04 -0.19 -0.07 0.06 0.2 0.08 -0.01 -0.29 -0.07 0.11 0.04 0.06 0.3 0.33 0.07 1 0.36 





Table S3-3 Correlation of overall BLUPs for flowering time (DTF) and fertile tiller number 
per plant (FTN) for hybrids in combination with the three female testers. 
Overall BLUPs for DTF and FTN were predicted from the MET analyses of the 17 and 11 
trials that had DTF and FTN collected respectively. 
Trial 
B010054 B963676 B986604 
Correlation  
coefficient p value 
Correlation  
coefficient p value 
Correlation  
coefficient p value 
AYTM15DAL -0.03 0.641 -0.10 0.059 -0.06 0.617 
AYTM15GAT -0.04 0.578 -0.08 0.186 -0.16 0.346 
AYTM15SPR -0.02 0.791 -0.08 0.105 -0.01 0.943 
AYTM15WAR -0.03 0.614 -0.09 0.086 -0.05 0.665 
PYTM15WAR -a -a -0.11 0.002 -a -a 
AYTM15JIM -0.02 0.730 -0.06 0.259 -0.09 0.470 
AYTM15CAP -0.02 0.687 -0.12 0.016 0.03 0.804 
AYTM15EME -0.01 0.853 -0.11 0.031 0.05 0.666 
AYTM16CRO -b -b -0.01 0.886 -0.06 0.221 
AYTM16DAL -b -b -0.02 0.652 -0.01 0.787 
AYTM16SPR -b -b -0.05 0.289 0.00 0.983 
AYTM16BLA -b -b 0.02 0.666 -0.07 0.195 
AYTM16PIR -b -b -0.07 0.119 -0.02 0.563 
AYTM16JAN -b -b -0.13 0.015 -0.03 0.533 
AYTM16WAR -b -b -0.04 0.346 0.00 0.992 
AYTM16ORI -b -b -0.05 0.327 0.01 0.889 
AYTM16EME -b -b -0.07 0.113 -0.03 0.551 
AYTM17MAC -b -b -0.04 0.425 -0.05 0.432 
AYTM17CAR -b -b -0.01 0.844 -0.02 0.734 
AYTM17PIN -b -b -0.05 0.357 -0.02 0.684 
AYTM17EME -b -b -0.01 0.825 -0.02 0.753 
adata not presented due to limited sample size (3 and 2 hybrids derived from B010054 and 
B986604 respectively). 




















































































































































































































PYTM15WAR 1 -0.46 0.10 -0.47 -0.05 -0.07 0.35 0.04 0.03 0.09 0.25 0.16 0.27 0.16 0.23 0.04 0.06 -0.60 0.58 -0.82 0.58 
AYTM15CAP -0.46 1 -0.01 0.18 0.11 0.06 0.11 0.13 0.14 0.31 -0.02 -0.15 -0.09 0.05 0.12 0.01 -0.15 -0.07 0.01 -0.06 0.01 
AYTM15DAL 0.10 -0.01 1 0.02 0.15 0.11 0.14 0.18 0.16 0.06 0.16 -0.10 0.11 0.05 0.20 0.06 0.18 0.22 -0.08 -0.01 -0.08 
AYTM15EME -0.47 0.18 0.02 1 0.02 0.13 0.25 0.05 -0.13 0.13 0.06 0.10 0.00 0.09 0.10 0.05 -0.03 -0.02 -0.02 0.17 -0.02 
AYTM15GAT -0.05 0.11 0.15 0.02 1 0.20 0.11 0.17 -0.07 0.31 0.25 -0.11 0.23 0.09 0.03 0.04 0.01 0.03 0.21 0.16 0.21 
AYTM15WAR -0.07 0.06 0.11 0.13 0.20 1 0.26 0.11 0.02 0.11 0.13 0.00 0.22 0.03 -0.03 0.17 0.07 -0.05 0.07 0.07 0.07 
AYTM15JIM 0.35 0.11 0.14 0.25 0.11 0.26 1 0.17 0.02 -0.01 0.16 0.05 0.06 0.08 -0.02 0.14 -0.10 -0.02 0.18 -0.12 0.18 
AYTM15SPR 0.04 0.13 0.18 0.05 0.17 0.11 0.17 1 0.14 0.08 0.23 -0.22 -0.01 0.15 -0.04 0.18 0.15 0.08 -0.05 0.00 -0.05 
AYTM16BLA 0.03 0.14 0.16 -0.13 -0.07 0.02 0.02 0.14 1 0.10 0.17 -0.08 0.08 0.15 0.11 0.18 0.28 0.11 0.03 0.11 0.03 
AYTM16CRO 0.09 0.31 0.06 0.13 0.31 0.11 -0.01 0.08 0.10 1 -0.05 0.08 0.02 0.11 0.16 0.02 0.10 -0.05 -0.04 -0.07 -0.04 
AYTM16DAL 0.25 -0.02 0.16 0.06 0.25 0.13 0.16 0.23 0.17 -0.05 1 0.01 0.16 0.12 0.06 0.18 0.16 -0.04 0.27 0.03 0.27 
AYTM16EME 0.16 -0.15 -0.10 0.10 -0.11 0.00 0.05 -0.22 -0.08 0.08 0.01 1 0.06 0.01 0.18 0.00 -0.06 -0.11 -0.08 -0.24 -0.08 
AYTM16WAR 0.27 -0.09 0.11 0.00 0.23 0.22 0.06 -0.01 0.08 0.02 0.16 0.06 1 0.30 0.00 0.19 0.01 -0.03 -0.11 -0.02 -0.11 
AYTM16JAN 0.16 0.05 0.05 0.09 0.09 0.03 0.08 0.15 0.15 0.11 0.12 0.01 0.30 1 0.13 0.20 0.10 -0.03 0.03 0.13 0.03 
AYTM16ORI 0.23 0.12 0.20 0.10 0.03 -0.03 -0.02 -0.04 0.11 0.16 0.06 0.18 0.00 0.13 1 0.13 0.12 0.14 0.01 0.05 0.01 
AYTM16PIR 0.04 0.01 0.06 0.05 0.04 0.17 0.14 0.18 0.18 0.02 0.18 0.00 0.19 0.20 0.13 1 0.15 0.00 -0.02 0.03 -0.02 
AYTM16SPR 0.06 -0.15 0.18 -0.03 0.01 0.07 -0.10 0.15 0.28 0.10 0.16 -0.06 0.01 0.10 0.12 0.15 1 0.24 0.06 0.17 0.06 
AYTM17PIN -0.60 -0.07 0.22 -0.02 0.03 -0.05 -0.02 0.08 0.11 -0.05 -0.04 -0.11 -0.03 -0.03 0.14 0.00 0.24 1 0.33 0.33 0.33 
AYTM17EME 0.58 0.01 -0.08 -0.02 0.21 0.07 0.18 -0.05 0.03 -0.04 0.27 -0.08 -0.11 0.03 0.01 -0.02 0.06 0.33 1 0.42 1.00 
AYTM17MAC -0.82 -0.06 -0.01 0.17 0.16 0.07 -0.12 0.00 0.11 -0.07 0.03 -0.24 -0.02 0.13 0.05 0.03 0.17 0.33 0.42 1 0.42 





















































































































































































































PYTM15WAR 1 -0.53 0.33 -0.17 -0.12 -0.08 0.38 0.01 0.00 0.05 0.22 0.16 0.30 0.17 0.21 0.07 0.03 -0.60 0.56 -0.79 -0.60 
AYTM15CAP -0.53 1 -0.01 0.19 0.12 0.07 0.12 0.12 0.13 0.31 -0.03 -0.15 -0.08 0.04 0.14 0.04 -0.18 -0.09 -0.01 -0.07 -0.09 
AYTM15DAL 0.33 -0.01 1 0.03 0.18 0.13 0.15 0.16 0.18 0.05 0.09 -0.11 0.13 0.06 0.23 0.06 0.19 0.17 -0.14 0.00 0.17 
AYTM15EME -0.17 0.19 0.03 1 0.04 0.14 0.26 0.05 -0.10 0.15 0.04 0.08 0.00 0.08 0.11 0.07 0.00 -0.03 -0.01 0.16 -0.03 
AYTM15GAT -0.12 0.12 0.18 0.04 1 0.22 0.13 0.16 -0.03 0.32 0.11 -0.14 0.29 0.12 0.08 0.06 0.05 -0.02 0.09 0.12 -0.02 
AYTM15WAR -0.08 0.07 0.13 0.14 0.22 1 0.28 0.10 0.02 0.12 0.18 0.02 0.20 0.02 -0.04 0.16 0.07 -0.04 0.06 0.02 -0.04 
AYTM15JIM 0.38 0.12 0.15 0.26 0.13 0.28 1 0.15 0.04 0.01 0.17 0.06 0.04 0.07 -0.03 0.13 -0.11 0.00 0.17 -0.13 0.00 
AYTM15SPR 0.01 0.12 0.16 0.05 0.16 0.10 0.15 1 0.09 0.05 0.30 -0.19 -0.04 0.12 -0.10 0.14 0.13 0.07 0.00 -0.03 0.07 
AYTM16BLA 0.00 0.13 0.18 -0.10 -0.03 0.02 0.04 0.09 1 0.07 0.15 -0.09 0.10 0.16 0.11 0.20 0.26 0.07 -0.01 0.09 0.07 
AYTM16CRO 0.05 0.31 0.05 0.15 0.32 0.12 0.01 0.05 0.07 1 -0.06 0.07 0.05 0.13 0.16 0.03 0.08 -0.11 -0.07 -0.09 -0.11 
AYTM16DAL 0.22 -0.03 0.09 0.04 0.11 0.18 0.17 0.30 0.15 -0.06 1 0.05 0.13 0.07 0.02 0.14 0.14 0.00 0.32 0.05 0.00 
AYTM16EME 0.16 -0.15 -0.11 0.08 -0.14 0.02 0.06 -0.19 -0.09 0.07 0.05 1 0.05 0.00 0.16 -0.01 -0.06 -0.08 -0.04 -0.24 -0.08 
AYTM16WAR 0.30 -0.08 0.13 0.00 0.29 0.20 0.04 -0.04 0.10 0.05 0.13 0.05 1 0.30 0.01 0.20 0.03 -0.03 -0.14 0.01 -0.03 
AYTM16JAN 0.17 0.04 0.06 0.08 0.12 0.02 0.07 0.12 0.16 0.13 0.07 0.00 0.30 1 0.14 0.21 0.11 -0.08 -0.02 0.14 -0.08 
AYTM16ORI 0.21 0.14 0.23 0.11 0.08 -0.04 -0.03 -0.10 0.11 0.16 0.02 0.16 0.01 0.14 1 0.13 0.12 0.12 -0.02 0.07 0.12 
AYTM16PIR 0.07 0.04 0.06 0.07 0.06 0.16 0.13 0.14 0.20 0.03 0.14 -0.01 0.20 0.21 0.13 1 0.16 -0.02 -0.06 0.03 -0.02 
AYTM16SPR 0.03 -0.18 0.19 0.00 0.05 0.07 -0.11 0.13 0.26 0.08 0.14 -0.06 0.03 0.11 0.12 0.16 1 0.22 0.04 0.12 0.22 
AYTM17PIN -0.60 -0.09 0.17 -0.03 -0.02 -0.04 0.00 0.07 0.07 -0.11 0.00 -0.08 -0.03 -0.08 0.12 -0.02 0.22 1 0.36 0.30 1.00 
AYTM17EME 0.56 -0.01 -0.14 -0.01 0.09 0.06 0.17 0.00 -0.01 -0.07 0.32 -0.04 -0.14 -0.02 -0.02 -0.06 0.04 0.36 1 0.40 0.36 
AYTM17MAC -0.79 -0.07 0.00 0.16 0.12 0.02 -0.13 -0.03 0.09 -0.09 0.05 -0.24 0.01 0.14 0.07 0.03 0.12 0.30 0.40 1 0.30 






















Table S4-1 Description of the 83 advanced yield testing (AYT) trials grown in the 2004-17 summer growing seasons. 
Trial Location Year State Subregion Sowing date Latitude Longitude 
Biloela_2004 Biloela 2004 QLD Capricornia 14/01/2004 -24.378 150.513 
Biloela_2005 Biloela 2005 QLD Capricornia 10/02/2005 -24.378 150.513 
Biloela_2006 Biloela 2006 QLD Capricornia 25, 26/1/2006 -24.378 150.513 
Biloela_2007 Biloela 2007 QLD Capricornia 19/01/2007 -24.378 150.513 
Biloela_2008 Biloela 2008 QLD Capricornia NAa -24.378 150.513 
Biloela_2009 Biloela 2009 QLD Capricornia 29, 30/1/2009 -24.378 150.513 
Biloela_2011 Biloela 2011 QLD Capricornia 7, 8/2/2011 -24.378 150.513 
Blackville_2016 Blackville 2016 NSW Liverpool Plains 10/11/2015 -31.597 150.296 
Boonal_2006 Boonal 2006 NSW North West Slopes 7/12/2005 -28.748 150.459 
Capella_2013 Capella 2013 QLD Central Highlands 5/02/2013 -23.074 148.082 
Capella_2014 Capella 2014 QLD Central Highlands 8/02/2014 -23.161 147.659 
Capella_2015 Capella 2015 QLD Central Highlands 11/01/2015 -23.222 148.114 
Caroona_2017 Caroona 2017 NSW Liverpool Plains 2/11/2016 -31.303 150.382 
Cecil Plains_2006 Cecil Plains 2006 QLD Western Downs 12/12/2005 -27.366 151.268 
Clermont_2007 Clermont 2007 QLD Central Highlands 13/02/2007 NA NA 
Clermont_2009 Clermont 2009 QLD Central Highlands 22/01/2009 NA NA 
Clermont_2010 Clermont 2010 QLD Central Highlands 13/02/2010 NA NA 
Croppa Creek_2016 Croppa Creek 2016 NSW North West Slopes 23/09/2015 -29.046 150.332 
Curlewis_2015 Curlewis 2015 NSW Liverpool Plains 27/10/2014 -31.268 150.222 




Dalby Box_2008 Dalby Box 2008 QLD Western Downs 17/10/2007 -28.206 152.101 
Dalby Box_2010 Dalby Box 2010 QLD Western Downs 11/11/2009 -27.393 151.226 
Dalby Box_2016 Dalby Box 2016 QLD Western Downs 20/10/2015 -27.374 151.226 
Dalby Box_2017 Dalby Box 2017 QLD Western Downs 13/10/2016 -27.35 151.176 
Dalby Race Course_2005 Dalby Race Course 2005 QLD Western Downs 16/11/2004 NA NA 
Dalby_2004 Dalby 2004 QLD Western Downs 6/01/2004 -27.028 151.241 
Dalby_2008 Dalby 2008 QLD Western Downs 21/09/2007 -27.044 151.208 
Dysart_2004 Dysart 2004 QLD Central Highlands 9, 28/1/2004 NA NA 
Dysart_2005 Dysart 2005 QLD Central Highlands 21/01/2005 NA NA 
Dysart_2007 Dysart 2007 QLD Central Highlands 25/02/2007 NA NA 
Emerald_2012 Emerald 2012 QLD Central Highlands 15/02/2012 -23.532 148.198 
Emerald_2014 Emerald 2014 QLD Central Highlands 12/02/2014 -23.529 148.213 
Emerald_2015 Emerald 2015 QLD Central Highlands 12/01/2015 -23.529 148.213 
Emerald_2016 Emerald 2016 QLD Central Highlands 16/02/2016 -23.529 148.213 
Emerald_2017 Emerald 2017 QLD Central Highlands 7, 16/3/2017 -23.529 148.213 
Gatton_2007 Gatton 2007 QLD Lockyer Valley 5/01/2007 -27.546 152.331 
Gatton_2014 Gatton 2014 QLD Lockyer Valley 12, 13/1/2014 -27.545 152.331 
Gatton_2015 Gatton 2015 QLD Lockyer Valley 20/10/2014 -27.549 152.326 
Hermitage_2004 Hermitage 2004 QLD Southern Downs 6, 12/11/2003 -28.215 152.101 
Hermitage_2005 Hermitage 2005 QLD Southern Downs 26/10/2004 -28.215 152.104 
Hermitage_2006 Hermitage 2006 QLD Southern Downs 4, 9/11/2005 -28.215 152.101 
Hermitage_2007 Hermitage 2007 QLD Southern Downs 20, 21/11/2006 -28.215 152.101 




Hermitage_2009 Hermitage 2009 QLD Southern Downs 4/12/2008 -28.215 152.101 
Hermitage_2011 Hermitage 2011 QLD Southern Downs 30/11/2010 -28.209 152.104 
Hermitage_2012 Hermitage 2012 QLD Southern Downs 8/11/2011 -28.217 152.096 
Hermitage_2014 Hermitage 2014 QLD Southern Downs 4/12/2013 -28.207 152.106 
Hermitage_2015 Hermitage 2015 QLD Southern Downs 3/12/2014 -28.209 152.105 
Hermitage_2016 Hermitage 2016 QLD Southern Downs 21/12/2015 -28.211 152.104 
Jandowae_2016 Jandowae 2016 QLD Western Downs 8/12/2015 -26.891 151.128 
Jimbour West_2005 Jimbour West 2005 QLD Western Downs 15/11/2004 -26.906 151.185 
Jimbour West_2012 Jimbour West 2012 QLD Western Downs 24, 25/10/2011 -26.896 151.125 
Jimbour West_2013 Jimbour West 2013 QLD Western Downs 14/11/2012 -26.897 151.125 
Jimbour_2004 Jimbour 2004 QLD Western Downs 6/01/2004 -27.028 151.241 
Jimbour_2013 Jimbour 2013 QLD Western Downs 24/10/2012 NA NA 
Jimbour_2015 Jimbour 2015 QLD Western Downs 17/12/2014 -27.029 151.198 
Kilcummin_2008 Kilcummin 2008 QLD Central Highlands NA NA NA 
Kilcummin_2016 Kilcummin 2016 QLD Central Highlands 18/02/2016 -22.295 147.517 
Liverpool Plains_2007 Liverpool Plains 2007 NSW Liverpool Plains 16/11/2006 NA NA 
Liverpool plains_2013 Liverpool plains 2013 NSW Liverpool Plains 7/01/2013 NA NA 
Macalister_2017 Macalister 2017 QLD Western Downs 11/10/2016 -27.028 151.093 
North Star_2004 North Star 2004 NSW North West Slopes 15/10/2003 -28.914 150.615 
Orion_2014 Orion 2014 QLD Central Highlands 7/02/2014 -24.233 148.377 
Orion_2016 Orion 2016 QLD Central Highlands 15/02/2016 -24.231 148.411 
Pine Ridge_2017 Pine Ridge 2017 NSW Liverpool Plains 8/11/2016 -31.483 150.45 




Pirrinuan_2009 Pirrinuan 2009 QLD Western Downs 30/09/2008 -27.032 151.198 
Pirrinuan_2013 Pirrinuan 2013 QLD Western Downs 23/11/2012 -27.1 151.235 
Pirrinuan_2016 Pirrinuan 2016 QLD Western Downs 17/11/2015 -27.096 151.222 
Spring Ridge_2011 Spring Ridge 2011 NSW Liverpool Plains 25/11/2010 -31.389 150.219 
Spring Ridge_2016 Spring Ridge 2016 NSW Liverpool Plains 10/11/2015 -31.39 150.227 
Springsure_2004 Springsure 2004 QLD Central Highlands 11/02/2004 NA NA 
Springsure_2008 Springsure 2008 QLD Central Highlands NA NA NA 
Springvale_2005 Springvale 2005 QLD Western Downs 25/11/2004 -27.329 151.181 
Springvale_2006 Springvale 2006 QLD Western Downs 15/12/2005 -27.35 151.18 
Springvale_2011 Springvale 2011 QLD Western Downs 21/10/2010 -27.359 151.234 
Springvale_2012 Springvale 2012 QLD Western Downs 21/10/2011 -27.392 151.223 
Springvale_2013 Springvale 2013 QLD Western Downs 4/01/2013 -27.357 151.235 
Springvale_2015 Springvale 2015 QLD Western Downs 16/10/2014 -27.378 151.226 
Tambar Springs_2012 Tambar Springs 2012 NSW Liverpool Plains 1/11/2011 -31.267 150.047 
Theodore_2004 Theodore 2004 QLD Capricornia 21/01/2004 NA NA 
Tulloona_2009 Tulloona 2009 NSW North West Slopes 25, 26/9/2008 -28.92 150.177 
Windy_2008 Windy 2008 NSW Liverpool Plains 30/10/2007 -31.633 150.39 




Figure S4-1 Relation of the proportion of trials lodged to the average SOI (Southern 






Table S5-1 Between-trial genetic correlations of lodging, leaf senescence, plant height, 
and grain yield. 
Type Trait Trial 1 Trial 2 Genetic correlation 
AYTF Leaf senescence AYTF16EME AYTF16WAR 0.32 
AYTF Leaf senescence AYTF16EME AYTF17DAL 0.40 
AYTF Leaf senescence AYTF16WAR AYTF17DAL 0.47 
AYTM Leaf senescence AYTM15CAP AYTM15EME 0.71 
AYTM Leaf senescence AYTM15CAP AYTM15JIM 0.79 
AYTM Leaf senescence AYTM15CAP AYTM16EME 0.69 
AYTM Leaf senescence AYTM15CAP AYTM16WAR 0.36 
AYTM Leaf senescence AYTM15CAP AYTM17DAL 0.65 
AYTM Leaf senescence AYTM15EME AYTM15JIM 0.92 
AYTM Leaf senescence AYTM15EME AYTM16EME 0.34 
AYTM Leaf senescence AYTM15EME AYTM16WAR 0.31 
AYTM Leaf senescence AYTM15EME AYTM17DAL 0.53 
AYTM Leaf senescence AYTM15JIM AYTM16EME 0.44 
AYTM Leaf senescence AYTM15JIM AYTM16WAR 0.35 
AYTM Leaf senescence AYTM15JIM AYTM17DAL 0.61 
AYTM Leaf senescence AYTM16EME AYTM16WAR 0.33 
AYTM Leaf senescence AYTM16EME AYTM17DAL 0.65 
AYTM Leaf senescence AYTM16WAR AYTM17DAL 0.30 
AYTF Lodging AYTF16CRO AYTF16EME 0.41 
AYTF Lodging AYTF16CRO AYTF16WAR 0.42 
AYTF Lodging AYTF16CRO AYTF16KIL 0.41 
AYTF Lodging AYTF16CRO AYTF16ORI 0.35 
AYTF Lodging AYTF16CRO AYTF17DAL 0.58 
AYTF Lodging AYTF16EME AYTF16WAR 0.45 
AYTF Lodging AYTF16EME AYTF16KIL 0.43 
AYTF Lodging AYTF16EME AYTF16ORI 0.27 
AYTF Lodging AYTF16EME AYTF17DAL 0.40 
AYTF Lodging AYTF16WAR AYTF16KIL 0.51 
AYTF Lodging AYTF16WAR AYTF16ORI 0.25 
AYTF Lodging AYTF16WAR AYTF17DAL 0.33 




AYTF Lodging AYTF16KIL AYTF17DAL 0.32 
AYTF Lodging AYTF16ORI AYTF17DAL 0.47 
AYTM Lodging AYTM15CAP AYTM15EME 0.79 
AYTM Lodging AYTM15CAP AYTM15WAR 0.64 
AYTM Lodging AYTM15CAP AYTM15JIM 0.56 
AYTM Lodging AYTM15CAP AYTM15CUR 0.66 
AYTM Lodging AYTM15CAP AYTM16CRO 0.29 
AYTM Lodging AYTM15CAP AYTM16EME 0.33 
AYTM Lodging AYTM15CAP AYTM16WAR 0.20 
AYTM Lodging AYTM15CAP AYTM16KIL 0.76 
AYTM Lodging AYTM15CAP AYTM16ORI 0.32 
AYTM Lodging AYTM15CAP AYTM17DAL 0.17 
AYTM Lodging AYTM15EME AYTM15WAR 0.75 
AYTM Lodging AYTM15EME AYTM15JIM 0.79 
AYTM Lodging AYTM15EME AYTM15CUR 0.60 
AYTM Lodging AYTM15EME AYTM16CRO -0.01 
AYTM Lodging AYTM15EME AYTM16EME 0.00 
AYTM Lodging AYTM15EME AYTM16WAR 0.12 
AYTM Lodging AYTM15EME AYTM16KIL 0.67 
AYTM Lodging AYTM15EME AYTM16ORI 0.08 
AYTM Lodging AYTM15EME AYTM17DAL -0.11 
AYTM Lodging AYTM15WAR AYTM15JIM 0.62 
AYTM Lodging AYTM15WAR AYTM15CUR 0.49 
AYTM Lodging AYTM15WAR AYTM16CRO 0.01 
AYTM Lodging AYTM15WAR AYTM16EME 0.02 
AYTM Lodging AYTM15WAR AYTM16WAR 0.10 
AYTM Lodging AYTM15WAR AYTM16KIL 0.55 
AYTM Lodging AYTM15WAR AYTM16ORI 0.08 
AYTM Lodging AYTM15WAR AYTM17DAL -0.07 
AYTM Lodging AYTM15JIM AYTM15CUR 0.42 
AYTM Lodging AYTM15JIM AYTM16CRO -0.18 
AYTM Lodging AYTM15JIM AYTM16EME -0.19 
AYTM Lodging AYTM15JIM AYTM16WAR 0.04 
AYTM Lodging AYTM15JIM AYTM16KIL 0.46 




AYTM Lodging AYTM15JIM AYTM17DAL -0.24 
AYTM Lodging AYTM15CUR AYTM16CRO 0.24 
AYTM Lodging AYTM15CUR AYTM16EME 0.27 
AYTM Lodging AYTM15CUR AYTM16WAR 0.16 
AYTM Lodging AYTM15CUR AYTM16KIL 0.59 
AYTM Lodging AYTM15CUR AYTM16ORI 0.26 
AYTM Lodging AYTM15CUR AYTM17DAL 0.15 
AYTM Lodging AYTM16CRO AYTM16EME 0.53 
AYTM Lodging AYTM16CRO AYTM16WAR 0.16 
AYTM Lodging AYTM16CRO AYTM16KIL 0.30 
AYTM Lodging AYTM16CRO AYTM16ORI 0.40 
AYTM Lodging AYTM16CRO AYTM17DAL 0.42 
AYTM Lodging AYTM16EME AYTM16WAR 0.18 
AYTM Lodging AYTM16EME AYTM16KIL 0.34 
AYTM Lodging AYTM16EME AYTM16ORI 0.45 
AYTM Lodging AYTM16EME AYTM17DAL 0.47 
AYTM Lodging AYTM16WAR AYTM16KIL 0.19 
AYTM Lodging AYTM16WAR AYTM16ORI 0.15 
AYTM Lodging AYTM16WAR AYTM17DAL 0.13 
AYTM Lodging AYTM16KIL AYTM16ORI 0.32 
AYTM Lodging AYTM16KIL AYTM17DAL 0.19 
AYTM Lodging AYTM16ORI AYTM17DAL 0.35 
AYTF Plant height AYTF16EME AYTF16WAR 0.79 
AYTF Plant height AYTF16EME AYTF16KIL 0.97 
AYTF Plant height AYTF16EME AYTF16ORI 0.90 
AYTF Plant height AYTF16WAR AYTF16KIL 0.86 
AYTF Plant height AYTF16WAR AYTF16ORI 0.76 
AYTF Plant height AYTF16KIL AYTF16ORI 0.92 
AYTM Plant height AYTM15CAP AYTM15EME 0.87 
AYTM Plant height AYTM15CAP AYTM15WAR 0.84 
AYTM Plant height AYTM15CAP AYTM16EME 0.81 
AYTM Plant height AYTM15CAP AYTM16WAR 0.82 
AYTM Plant height AYTM15CAP AYTM16KIL 0.91 
AYTM Plant height AYTM15CAP AYTM16ORI 0.91 




AYTM Plant height AYTM15EME AYTM16EME 0.79 
AYTM Plant height AYTM15EME AYTM16WAR 0.81 
AYTM Plant height AYTM15EME AYTM16KIL 0.89 
AYTM Plant height AYTM15EME AYTM16ORI 0.88 
AYTM Plant height AYTM15WAR AYTM16EME 0.87 
AYTM Plant height AYTM15WAR AYTM16WAR 0.93 
AYTM Plant height AYTM15WAR AYTM16KIL 0.96 
AYTM Plant height AYTM15WAR AYTM16ORI 0.92 
AYTM Plant height AYTM16EME AYTM16WAR 0.87 
AYTM Plant height AYTM16EME AYTM16KIL 0.90 
AYTM Plant height AYTM16EME AYTM16ORI 0.87 
AYTM Plant height AYTM16WAR AYTM16KIL 0.95 
AYTM Plant height AYTM16WAR AYTM16ORI 0.91 
AYTM Plant height AYTM16KIL AYTM16ORI 0.97 
AYTF Yield AYTF16CRO AYTF16WAR 0.12 
AYTF Yield AYTF16CRO AYTF16KIL 0.01 
AYTF Yield AYTF16CRO AYTF16ORI 0.09 
AYTF Yield AYTF16WAR AYTF16KIL 0.24 
AYTF Yield AYTF16WAR AYTF16ORI 0.15 
AYTF Yield AYTF16KIL AYTF16ORI 0.08 
AYTM Yield AYTM15CAP AYTM15EME 0.31 
AYTM Yield AYTM15CAP AYTM15WAR 0.34 
AYTM Yield AYTM15CAP AYTM15JIM 0.36 
AYTM Yield AYTM15CAP AYTM16CRO 0.35 
AYTM Yield AYTM15CAP AYTM16EME -0.06 
AYTM Yield AYTM15CAP AYTM16WAR 0.29 
AYTM Yield AYTM15CAP AYTM16ORI 0.17 
AYTM Yield AYTM15EME AYTM15WAR 0.61 
AYTM Yield AYTM15EME AYTM15JIM 0.46 
AYTM Yield AYTM15EME AYTM16CRO 0.11 
AYTM Yield AYTM15EME AYTM16EME 0.03 
AYTM Yield AYTM15EME AYTM16WAR 0.48 
AYTM Yield AYTM15EME AYTM16ORI 0.01 
AYTM Yield AYTM15WAR AYTM15JIM 0.64 




AYTM Yield AYTM15WAR AYTM16EME 0.06 
AYTM Yield AYTM15WAR AYTM16WAR 0.71 
AYTM Yield AYTM15WAR AYTM16ORI -0.04 
AYTM Yield AYTM15JIM AYTM16CRO 0.14 
AYTM Yield AYTM15JIM AYTM16EME 0.02 
AYTM Yield AYTM15JIM AYTM16WAR 0.51 
AYTM Yield AYTM15JIM AYTM16ORI 0.02 
AYTM Yield AYTM16CRO AYTM16EME -0.07 
AYTM Yield AYTM16CRO AYTM16WAR 0.06 
AYTM Yield AYTM16CRO AYTM16ORI 0.15 
AYTM Yield AYTM16EME AYTM16WAR 0.05 
AYTM Yield AYTM16EME AYTM16ORI -0.04 










Number of  
tester/trial  
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that the QTL  
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Number of  
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the mean  
leaf senescence  
of haplotypesb 
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QLDGX1.1 1 3.23 19 4 nsa 13.83 6.97 7.69 13.77 0 + 0 0 + + 0 0 + + aQTL 
QLDGX1.2 1 6.90 3 1 ns ns 5.59 ns ns 0 0 0 0 + + - + + - aQTL 
QLDGX1.3 1 15.14 23 5 6.48 9.16 6.73 7.48 8.10 0 0 0 0 0 0 0 + + + aQTL 
QLDGX1.4 1 17.83 3 1 ns ns ns ns 9.21 0 0 - 0 0 0 0 + + + aQTL 
QLDGX1.5 1 26.05 4 1 ns 6.88 ns ns ns 0 0 0 0 0 0 0 0 + + aQTL 
QLDGX1.6 1 29.34 3 1 ns 5.77 ns ns ns 0 + 0 NA 0 0 0 0 0 0 aQTL 
QLDGX1.7 1 32.35 4 1 ns 6.65 ns ns ns 0 0 0 NA 0 0 0 0 0 0 naQTL 
QLDGX1.8 1 34.89 9 2 ns 14.79 ns 6.75 ns 0 + + NA + 0 0 0 0 0 aQTL 
QLDGX1.9 1 44.96 27 4 15.42 20.57 16.32 5.57 ns 0 0 0 0 0 0 0 0 0 0 naQTL 
QLDGX1.10 1 56.42 36 5 14.32 26.35 11.86 9.86 5.24 0 0 0 0 0 + + - + 0 aQTL 
QLDGX1.11 1 63.90 22 4 10.10 23.42 10.41 ns 8.46 + + 0 0 0 + + + - 0 aQTL 
QLDGX1.12 1 68.17 12 3 6.62 11.58 6.46 ns ns 0 0 0 NA NA + 0 0 NA - aQTL 
QLDGX1.13 1 71.29 3 1 ns 5.65 ns ns ns 0 0 0 0 0 + + + + 0 aQTL 
QLDGX1.14 1 75.89 12 2 9.20 14.30 ns ns ns 0 0 0 NA NA + 0 0 NA NA aQTL 
QLDGX1.15 1 81.17 2 1 ns 6.23 ns ns ns + 0 + + + + + + 0 0 aQTL 
QLDGX1.16 1 91.80 14 3 ns 12.52 8.82 ns 5.46 + + 0 NA - 0 + - 0 0 aQTL 
QLDGX1.17 1 98.38 23 4 ns 22.71 11.74 10.61 24.26 0 0 0 0 + 0 + 0 + + aQTL 
QLDGX1.18 1 103.91 8 2 ns 12.37 ns ns 5.90 0 0 0 NA 0 0 0 0 0 0 naQTL 
QLDGX1.19 1 110.15 12 3 ns 14.32 ns 8.28 7.67 0 0 0 0 0 + + + + 0 aQTL 
QLDGX1.20 1 115.26 20 3 ns 15.49 ns 19.48 28.31 NA 0 0 0 + 0 + 0 + + aQTL 
QLDGX1.21 1 125.71 22 4 ns 20.31 6.25 8.67 12.27 0 0 0 0 + 0 0 0 + 0 aQTL 
QLDGX1.22 1 131.39 8 2 ns 6.87 ns ns 7.84 0 0 0 0 0 + + + + 0 aQTL 




QLDGX1.24 1 138.96 22 5 6.03 12.33 10.37 5.82 6.84 + 0 0 NA 0 0 0 0 0 0 aQTL 
QLDGX1.25 1 158.78 15 3 ns 17.20 7.29 10.04 ns 0 0 0 NA + 0 + 0 0 0 aQTL 
QLDGX1.26 1 161.20 4 2 ns ns ns 5.23 10.87 0 0 0 NA 0 0 + + + - aQTL 
QLDGX1.27 1 167.83 14 3 18.28 8.05 6.19 ns ns 0 0 0 + 0 0 0 + + 0 aQTL 
QLDGX1.28 1 178.15 3 1 ns ns 5.28 ns ns 0 + 0 NA 0 0 0 0 0 0 aQTL 
QLDGX1.29 1 181.66 22 4 8.29 34.31 7.07 ns 5.38 0 0 - 0 0 0 0 0 0 0 naQTL 
QLDGX2.1 2 0.02 17 3 ns 13.84 ns 11.31 22.75 + + 0 + + 0 0 0 0 0 aQTL 
QLDGX2.2 2 2.85 2 1 ns ns ns ns 7.86 0 0 - NA 0 0 0 0 0 + aQTL 
QLDGX2.3 2 14.09 4 1 ns ns ns 7.26 ns - 0 0 0 + 0 0 0 0 0 aQTL 
QLDGX2.4 2 19.43 7 1 ns 12.46 ns ns ns + 0 0 0 0 + + + 0 0 aQTL 
QLDGX2.5 2 23.28 9 2 ns 9.53 ns 6.96 ns + 0 0 + 0 0 0 0 0 0 aQTL 
QLDGX2.6 2 42.73 19 4 6.13 20.14 9.21 ns 5.26 + 0 0 NA 0 0 0 0 0 0 aQTL 
QLDGX2.7 2 61.95 9 2 6.85 12.62 ns ns ns 0 0 0 0 + 0 + + + + aQTL 
QLDGX2.8 2 64.94 4 1 ns 12.22 ns ns ns 0 0 0 NA 0 0 - 0 0 0 naQTL 
QLDGX2.9 2 72.64 6 2 ns 6.50 5.34 ns ns + 0 0 0 + 0 0 - 0 0 aQTL 
QLDGX2.10 2 93.57 12 3 5.70 10.39 ns 7.48 ns + + - + + - - + 0 - aQTL 
QLDGX2.11 2 108.80 10 2 ns 14.56 6.02 ns ns + + 0 0 0 + - + 0 0 aQTL 
QLDGX2.12 2 111.63 3 1 8.82 ns ns ns ns 0 0 0 0 + + - 0 0 0 aQTL 
QLDGX2.13 2 119.32 5 1 9.50 ns ns ns ns + + + NA 0 0 + + + + aQTL 
QLDGX2.14 2 123.81 21 4 8.34 10.10 17.64 ns 5.24 0 0 0 0 0 0 0 0 0 0 naQTL 
QLDGX2.15 2 135.54 14 3 ns 12.52 15.70 5.34 ns 0 0 + NA 0 0 0 0 NA + aQTL 
QLDGX2.16 2 140.94 7 2 6.74 ns 7.12 ns ns - + - 0 0 0 - + 0 0 aQTL 
QLDGX2.17 2 143.09 21 4 6.30 15.98 6.00 14.76 ns 0 0 0 NA NA 0 + 0 0 NA aQTL 
QLDGX2.18 2 146.79 10 3 ns ns 9.50 7.42 7.76 0 + 0 + 0 0 0 0 0 0 aQTL 
QLDGX2.19 2 153.07 13 3 ns 12.83 6.54 5.68 ns 0 0 0 + + 0 0 0 0 0 aQTL 
QLDGX2.20 2 156.23 2 1 5.86 ns ns ns ns 0 0 0 NA + + + 0 NA 0 aQTL 
QLDGX2.21 2 162.32 2 1 ns 5.57 ns ns ns + + 0 NA 0 0 0 0 0 0 aQTL 
QLDGX2.22 2 167.10 10 2 ns 9.84 7.70 ns ns 0 0 0 0 + 0 + + 0 0 aQTL 
QLDGX2.23 2 171.06 13 2 30.10 39.60 ns ns ns 0 + 0 0 0 0 0 0 + 0 aQTL 




QLDGX2.25 2 178.69 4 1 ns 7.00 ns ns ns + + + 0 0 - - 0 0 0 aQTL 
QLDGX2.26 2 182.21 13 3 ns 10.11 ns 7.84 10.27 + + 0 0 0 0 - + + + aQTL 
QLDGX2.27 2 189.75 4 1 ns 8.54 ns ns ns NA + 0 NA 0 0 + 0 NA 0 aQTL 
QLDGX2.28 2 220.62 3 1 ns 5.34 ns ns ns 0 - 0 + + 0 0 0 0 0 aQTL 
QLDGX3.1 3 4.11 9 2 5.43 9.87 ns ns ns + + 0 0 0 0 0 0 - + aQTL 
QLDGX3.2 3 10.73 9 2 8.41 11.71 ns ns ns 0 0 0 0 + 0 0 0 0 0 aQTL 
QLDGX3.3 3 19.11 14 3 9.59 21.79 ns ns 11.41 0 0 0 NA 0 0 - 0 0 0 naQTL 
QLDGX3.4 3 25.09 7 1 ns 18.56 ns ns ns 0 0 0 0 0 + - 0 - - aQTL 
QLDGX3.5 3 30.82 24 4 10.39 19.52 12.89 ns 16.00 0 + 0 0 0 0 + + + + aQTL 
QLDGX3.6 3 36.85 26 5 8.93 15.77 8.54 9.11 5.57 0 0 0 0 0 0 + 0 0 0 aQTL 
QLDGX3.7 3 49.20 32 3 6.73 15.81 ns 10.78 ns 0 + 0 0 0 0 0 0 - 0 aQTL 
QLDGX3.8 3 53.70 24 4 ns 8.47 6.45 7.07 5.31 0 0 0 0 0 + - + 0 0 aQTL 
QLDGX3.9 3 59.80 8 2 5.95 ns ns 8.82 ns 0 0 0 + 0 0 0 0 0 0 aQTL 
QLDGX3.10 3 61.91 7 1 ns 11.86 ns ns ns 0 0 0 0 0 0 + + 0 0 aQTL 
QLDGX3.11 3 65.71 12 3 7.01 15.05 7.81 ns ns 0 + 0 0 + 0 + + 0 0 aQTL 
QLDGX3.12 3 68.55 8 1 ns 16.60 ns ns ns 0 0 0 0 0 + + 0 0 0 aQTL 
QLDGX3.13 3 73.50 5 1 ns 12.04 ns ns ns 0 0 0 0 0 0 0 0 0 + aQTL 
QLDGX3.14 3 83.03 16 3 12.45 12.60 8.65 ns ns 0 0 0 0 + 0 0 0 0 0 aQTL 
QLDGX3.15 3 88.42 8 2 ns 6.68 15.71 ns ns 0 + 0 + + 0 0 0 0 0 aQTL 
QLDGX3.16 3 96.45 7 2 ns 5.93 10.82 ns ns 0 + 0 NA NA 0 0 0 + NA aQTL 
QLDGX3.17 3 111.21 19 4 9.19 18.84 ns 12.07 10.40 + + + 0 + 0 0 - - + aQTL 
QLDGX3.18 3 118.66 9 3 ns 11.14 ns 6.22 5.37 0 0 0 NA 0 0 0 + 0 0 aQTL 
QLDGX3.19 3 128.70 26 4 13.10 31.38 7.64 22.38 ns + + + NA 0 0 0 0 0 0 aQTL 
QLDGX3.20 3 134.23 27 3 8.83 24.34 ns 9.59 ns + + + + - 0 0 0 0 0 aQTL 
QLDGX3.21 3 140.60 6 1 ns 9.19 ns ns ns 0 + 0 0 0 0 0 0 0 0 aQTL 
QLDGX3.22 3 144.69 5 1 ns 18.03 ns ns ns 0 0 0 0 0 0 0 0 0 0 naQTL 
QLDGX3.23 3 151.34 13 2 ns 18.87 10.48 ns ns 0 0 0 0 0 0 0 0 - 0 naQTL 
QLDGX3.24 3 154.74 5 1 ns 12.99 ns ns ns 0 0 + + 0 0 + - 0 0 aQTL 
QLDGX3.25 3 161.35 18 3 10.33 22.26 12.57 ns ns 0 0 0 0 + + - + 0 0 aQTL 




QLDGX4.1 4 6.10 3 1 ns 6.33 ns ns ns 0 0 0 NA + 0 + + 0 0 aQTL 
QLDGX4.2 4 9.97 4 1 ns 7.65 ns ns ns 0 0 0 0 0 0 0 0 0 0 naQTL 
QLDGX4.3 4 22.68 6 2 6.05 7.17 ns ns ns 0 0 0 NA 0 0 0 0 0 0 naQTL 
QLDGX4.4 4 26.28 6 2 ns ns ns 5.60 5.70 + 0 0 NA 0 + 0 0 0 0 aQTL 
QLDGX4.5 4 34.60 18 3 18.58 24.26 8.68 ns ns 0 0 0 NA 0 - 0 0 0 0 naQTL 
QLDGX4.6 4 51.81 3 1 ns 8.76 ns ns ns 0 - 0 0 0 0 0 0 0 0 naQTL 
QLDGX4.7 4 61.44 15 4 5.80 12.41 6.79 ns 6.53 0 0 0 NA + 0 + 0 0 0 aQTL 
QLDGX4.8 4 64.60 5 1 ns 10.07 ns ns ns 0 + - NA 0 0 + + 0 + aQTL 
QLDGX4.9 4 72.35 5 1 ns 17.64 ns ns ns 0 0 - 0 + 0 0 + + + aQTL 
QLDGX4.10 4 74.67 8 2 6.85 5.81 ns ns ns + + - NA + 0 + + + + aQTL 
QLDGX4.11 4 78.50 4 1 ns 8.38 ns ns ns 0 0 0 0 + 0 0 0 0 0 aQTL 
QLDGX4.12 4 81.45 7 2 7.99 ns 5.86 ns ns 0 0 0 + 0 0 0 0 0 0 aQTL 
QLDGX4.13 4 85.25 11 2 9.75 18.27 ns ns ns 0 + 0 0 + + + 0 0 0 aQTL 
QLDGX4.14 4 94.85 28 4 ns 16.45 10.70 8.93 6.30 0 0 0 0 + 0 + + 0 0 aQTL 
QLDGX4.15 4 104.08 8 1 ns 14.14 ns ns ns 0 0 0 NA 0 0 0 0 0 0 naQTL 
QLDGX4.16 4 107.55 14 3 ns 17.39 ns 6.09 5.74 0 + 0 NA 0 + - + - + aQTL 
QLDGX4.17 4 121.67 8 2 ns 9.48 ns 10.31 ns 0 0 + 0 + + + + + + aQTL 
QLDGX4.18 4 125.97 5 1 ns 11.39 ns ns ns 0 + - NA 0 + 0 + - + aQTL 
QLDGX4.19 4 137.49 21 4 5.56 26.86 6.67 ns 8.73 0 + - 0 0 0 0 0 0 + aQTL 
QLDGX4.20 4 152.55 5 1 ns 8.90 ns ns ns 0 0 0 NA 0 0 0 0 0 0 naQTL 
QLDGX4.21 4 156.01 22 4 ns 16.60 12.36 14.05 9.35 0 + 0 0 0 + + 0 0 0 aQTL 
QLDGX4.22 4 162.00 3 1 ns ns ns ns 6.04 + 0 0 0 + 0 0 0 0 0 aQTL 
QLDGX5.1 5 2.96 4 1 9.45 ns ns ns ns 0 0 0 NA - + + + 0 0 aQTL 
QLDGX5.2 5 7.62 6 1 ns 13.00 ns ns ns 0 0 0 0 0 0 0 0 0 0 naQTL 
QLDGX5.3 5 13.52 3 1 ns 6.41 ns ns ns + 0 - NA 0 0 + + 0 0 aQTL 
QLDGX5.4 5 18.95 7 2 7.00 7.95 ns ns ns 0 0 0 NA NA 0 - + 0 0 aQTL 
QLDGX5.5 5 22.42 23 4 5.54 24.38 9.89 ns 6.51 0 + 0 0 0 0 + + 0 0 aQTL 
QLDGX5.6 5 25.85 7 1 ns 16.52 ns ns ns 0 + 0 0 0 0 + + 0 + aQTL 
QLDGX5.7 5 29.08 15 4 8.88 ns 12.01 8.32 5.74 0 0 0 0 0 0 0 0 0 0 naQTL 




QLDGX5.9 5 45.17 13 3 6.95 11.88 10.24 ns ns 0 0 + 0 + + + + 0 0 aQTL 
QLDGX5.10 5 49.92 8 2 ns 7.38 7.48 ns ns 0 0 + 0 0 0 0 + 0 0 aQTL 
QLDGX5.11 5 53.03 15 3 6.73 16.02 7.86 ns ns 0 0 0 0 0 0 + + - + aQTL 
QLDGX5.12 5 63.75 18 3 8.48 25.04 ns ns 5.96 + + 0 0 0 0 0 0 + + aQTL 
QLDGX5.13 5 75.02 23 4 12.59 18.86 ns 5.41 16.93 0 0 0 NA 0 0 0 0 0 0 naQTL 
QLDGX5.14 5 77.48 6 2 ns ns 5.92 6.13 ns + + 0 NA 0 0 0 0 0 0 aQTL 
QLDGX5.15 5 92.60 27 4 13.22 19.29 16.42 13.99 ns 0 + 0 0 0 + + + 0 0 aQTL 
QLDGX5.16 5 96.72 18 3 11.09 13.06 13.47 ns ns 0 0 0 0 0 0 + 0 + 0 aQTL 
QLDGX5.17 5 106.17 5 1 ns 9.46 ns ns ns NA - + 0 0 NA 0 NA 0 0 aQTL 
QLDGX5.18 5 118.43 11 2 ns 19.73 ns 7.68 ns 0 + - 0 0 + 0 0 0 0 aQTL 
QLDGX6.1 6 15.00 9 2 ns 5.61 8.91 ns ns 0 0 0 0 0 0 0 0 0 0 naQTL 
QLDGX6.2 6 32.98 6 1 ns 11.03 ns ns ns 0 0 + 0 0 + 0 0 0 0 aQTL 
QLDGX6.3 6 51.10 6 1 ns 13.05 ns ns ns 0 + - 0 0 0 - 0 - + aQTL 
QLDGX6.4 6 56.95 10 2 ns 16.04 ns ns 8.95 0 0 0 + 0 0 0 0 + + aQTL 
QLDGX6.5 6 66.51 5 1 ns 12.05 ns ns ns NA + 0 NA 0 0 0 0 0 0 aQTL 
QLDGX6.6 6 72.92 12 4 5.72 19.00 ns 5.32 5.44 NA + 0 + + 0 + 0 0 0 aQTL 
QLDGX6.7 6 76.67 7 2 ns ns ns 16.93 8.87 0 + 0 + + NA 0 0 + + aQTL 
QLDGX6.8 6 83.67 18 4 9.67 7.47 ns 18.94 15.69 NA 0 0 + + 0 0 0 0 0 aQTL 
QLDGX6.9 6 90.68 13 3 9.20 11.77 ns ns 7.80 0 0 0 + + 0 0 0 0 0 aQTL 
QLDGX6.10 6 101.38 7 2 ns 6.91 ns ns 6.14 0 0 0 0 0 + 0 0 0 0 aQTL 
QLDGX6.11 6 105.71 5 1 ns 7.78 ns ns ns 0 + 0 + NA 0 0 0 0 0 aQTL 
QLDGX6.12 6 115.78 17 4 6.73 9.00 9.75 ns 10.81 0 0 - + + 0 0 + 0 0 aQTL 
QLDGX6.13 6 125.89 11 3 ns 8.41 ns 7.85 12.43 0 + 0 NA + + + + 0 0 aQTL 
QLDGX6.14 6 129.77 8 2 6.94 6.67 ns ns ns 0 0 0 + + 0 0 0 0 0 aQTL 
QLDGX6.15 6 139.05 7 2 7.72 7.66 ns ns ns 0 + 0 0 - 0 + + 0 + aQTL 
QLDGX6.16 6 142.16 7 2 ns ns ns 6.82 6.59 + 0 0 + + 0 + + + 0 aQTL 
QLDGX6.17 6 144.22 4 1 ns ns 5.79 ns ns 0 0 - NA + 0 - + 0 0 aQTL 
QLDGX6.18 6 149.36 9 2 ns 6.07 10.91 ns ns 0 0 0 + + 0 0 0 + + aQTL 
QLDGX6.19 6 154.00 3 1 ns ns 6.90 ns ns 0 0 - + + + + + + + aQTL 




QLDGX6.21 6 165.78 8 2 7.50 8.33 ns ns ns 0 0 0 + + 0 0 0 0 0 aQTL 
QLDGX7.1 7 21.01 6 1 ns 10.97 ns ns ns 0 + + 0 0 + 0 0 0 + aQTL 
QLDGX7.2 7 26.68 4 1 ns 6.83 ns ns ns 0 + 0 NA 0 0 0 0 0 0 aQTL 
QLDGX7.3 7 29.93 11 2 ns 15.56 6.17 ns ns 0 + + 0 0 0 0 0 0 0 aQTL 
QLDGX7.4 7 51.18 4 1 ns 8.67 ns ns ns 0 0 + NA 0 0 0 + NA 0 aQTL 
QLDGX7.5 7 58.01 21 5 6.70 10.38 9.12 5.95 5.46 + + 0 0 0 0 0 0 0 0 aQTL 
QLDGX7.6 7 66.27 10 2 12.37 12.19 ns ns ns 0 + - + 0 0 0 0 0 0 aQTL 
QLDGX7.7 7 72.12 18 3 8.23 32.71 10.58 ns ns + + + 0 0 0 0 0 0 + aQTL 
QLDGX7.8 7 75.59 4 1 ns 7.61 ns ns ns 0 + - NA 0 + + 0 NA + aQTL 
QLDGX7.9 7 81.86 13 2 8.10 16.95 ns ns ns + + 0 NA 0 + + + + + aQTL 
QLDGX7.10 7 88.91 4 1 ns 5.53 ns ns ns 0 0 0 NA NA 0 0 + 0 NA aQTL 
QLDGX7.11 7 101.18 8 2 6.25 67.76 ns ns ns 0 0 0 NA NA 0 0 0 NA NA naQTL 
QLDGX7.12 7 110.26 17 2 ns 32.40 17.03 ns ns 0 + + NA 0 0 0 0 0 0 aQTL 
QLDGX7.13 7 114.41 3 1 ns 7.22 ns ns ns 0 0 0 0 + 0 0 0 + + aQTL 
QLDGX7.14 7 119.32 3 1 ns 5.29 ns ns ns + + + 0 0 + 0 0 0 0 aQTL 
QLDGX7.15 7 124.82 15 3 7.43 14.09 10.00 ns ns 0 0 0 0 0 0 + + 0 0 aQTL 
QLDGX7.16 7 131.02 26 4 13.54 35.28 17.30 ns 12.59 0 + 0 NA 0 + + + 0 0 aQTL 
QLDGX8.1 8 4.18 7 1 ns 15.01 ns ns ns 0 0 + 0 0 0 0 0 0 + aQTL 
QLDGX8.2 8 9.37 4 1 ns 6.26 ns ns ns 0 0 0 NA 0 0 0 0 NA + aQTL 
QLDGX8.3 8 12.90 4 1 ns 9.70 ns ns ns 0 + 0 NA NA NA + 0 NA NA aQTL 
QLDGX8.4 8 17.39 3 1 6.31 ns ns ns ns NA 0 NA 0 0 NA 0 NA + + aQTL 
QLDGX8.5 8 26.36 8 2 ns 11.75 ns ns 7.31 0 0 0 + 0 0 0 + 0 + aQTL 
QLDGX8.6 8 30.06 15 4 8.37 10.35 6.99 5.61 ns 0 + + NA 0 0 0 0 + 0 aQTL 
QLDGX8.7 8 37.40 4 1 ns 8.13 ns ns ns 0 + + 0 0 0 0 0 0 0 aQTL 
QLDGX8.8 8 44.93 8 2 ns 12.22 7.35 ns ns - - 0 0 0 0 0 0 0 + aQTL 
QLDGX8.9 8 50.84 2 1 ns ns ns 5.42 ns NA + 0 NA + 0 0 NA 0 0 aQTL 
QLDGX8.10 8 59.03 21 4 7.31 16.06 12.11 ns 5.58 0 0 0 0 + 0 + - 0 0 aQTL 
QLDGX8.11 8 67.09 22 3 12.10 27.40 8.37 ns ns 0 0 0 0 0 + + + 0 0 aQTL 
QLDGX8.12 8 73.64 15 3 ns 47.47 6.47 8.00 ns 0 0 0 + + 0 0 0 + 0 aQTL 




QLDGX8.14 8 81.93 5 1 ns 12.63 ns ns ns 0 0 0 NA + 0 0 0 0 0 aQTL 
QLDGX8.15 8 88.88 24 4 18.94 14.13 15.23 ns 8.67 0 + 0 + + + + + - + aQTL 
QLDGX8.16 8 97.55 5 1 ns ns 10.82 ns ns 0 + 0 + + + + + 0 - aQTL 
QLDGX8.17 8 103.25 8 2 ns ns 10.36 7.20 ns 0 + 0 NA 0 0 0 0 0 0 aQTL 
QLDGX8.18 8 110.43 12 2 ns 11.36 18.30 ns ns 0 0 0 + + 0 0 0 - 0 aQTL 
QLDGX8.19 8 114.32 2 1 ns 6.58 ns ns ns 0 0 0 NA 0 + + 0 0 0 aQTL 
QLDGX9.1 9 8.61 2 1 ns 6.01 ns ns ns 0 0 0 NA + 0 + + 0 0 aQTL 
QLDGX9.2 9 13.64 3 1 ns ns 5.36 ns ns + + 0 + + 0 + + + + aQTL 
QLDGX9.3 9 20.62 4 1 ns 10.16 ns ns ns 0 0 0 NA NA 0 0 0 0 NA naQTL 
QLDGX9.4 9 24.50 4 1 ns 7.83 ns ns ns 0 0 0 NA 0 0 0 + 0 0 aQTL 
QLDGX9.5 9 47.67 21 4 ns 9.98 7.19 22.40 11.40 0 0 0 0 0 0 0 0 - + aQTL 
QLDGX9.6 9 53.59 6 1 ns 14.22 ns ns ns 0 0 0 NA 0 0 + 0 + + aQTL 
QLDGX9.7 9 59.27 9 2 ns 11.85 ns ns 8.79 0 0 0 0 0 + + + 0 0 aQTL 
QLDGX9.8 9 63.19 3 1 ns ns ns ns 9.14 0 0 0 + + 0 0 0 0 0 aQTL 
QLDGX9.9 9 73.15 3 1 ns ns ns 11.31 ns 0 0 0 0 + 0 0 0 + 0 aQTL 
QLDGX9.10 9 75.49 16 3 ns 11.66 10.10 ns 11.60 + - + 0 0 0 + + + + aQTL 
QLDGX9.11 9 84.68 5 1 ns 7.00 ns ns ns 0 + + 0 0 0 + - + + aQTL 
QLDGX9.12 9 87.13 5 1 ns ns ns ns 13.34 0 + 0 0 0 0 0 0 + + aQTL 
QLDGX9.13 9 89.28 4 1 ns ns ns ns 8.28 0 + + NA 0 + 0 0 0 0 aQTL 
QLDGX9.14 9 94.70 5 1 ns 11.28 ns ns ns + + - NA 0 0 0 0 - + aQTL 
QLDGX9.15 9 99.30 8 1 ns 17.69 ns ns ns 0 0 0 NA 0 + - + - + aQTL 
QLDGX9.16 9 105.01 10 3 6.28 6.88 8.09 ns ns + 0 + NA 0 0 0 0 0 0 aQTL 
QLDGX9.17 9 111.61 5 1 ns 11.39 ns ns ns 0 + + 0 0 0 0 0 0 + aQTL 
QLDGX9.18 9 133.84 4 1 ns 7.62 ns ns ns 0 - 0 + 0 + 0 + 0 0 aQTL 
QLDGX10.1 10 4.40 4 1 ns 9.02 ns ns ns 0 0 0 0 0 0 0 0 0 0 naQTL 
QLDGX10.2 10 21.23 4 1 ns 9.84 ns ns ns 0 0 0 + 0 0 0 0 0 - aQTL 
QLDGX10.3 10 30.80 14 3 8.98 18.36 ns ns 7.75 + + 0 + + 0 0 0 0 0 aQTL 
QLDGX10.4 10 34.03 25 4 ns 17.52 8.58 9.66 9.69 0 0 0 + 0 0 0 0 0 - aQTL 
QLDGX10.5 10 39.73 6 2 ns ns 6.50 ns 7.11 0 0 0 0 0 0 0 NA + 0 aQTL 




QLDGX10.7 10 53.00 17 4 ns 9.92 14.97 6.43 9.74 0 + 0 + + 0 + 0 0 0 aQTL 
QLDGX10.8 10 58.73 18 3 7.84 20.47 ns 6.20 ns + 0 0 + 0 0 0 0 - + aQTL 
QLDGX10.9 10 66.98 11 2 25.65 12.84 ns ns ns 0 0 0 0 0 0 + 0 0 0 aQTL 
QLDGX10.10 10 76.59 16 3 7.41 10.43 10.99 ns ns + 0 0 0 0 + + 0 - + aQTL 
QLDGX10.11 10 80.01 17 3 8.17 20.63 10.63 ns ns 0 0 0 NA 0 0 0 0 + 0 aQTL 
QLDGX10.12 10 85.19 3 1 8.45 ns ns ns ns 0 0 0 0 0 0 + + + + aQTL 
QLDGX10.13 10 89.62 10 2 9.40 11.78 ns ns ns + 0 0 0 0 0 0 0 - 0 aQTL 
QLDGX10.14 10 96.04 6 2 ns 11.79 ns ns 11.14 0 0 + NA 0 + - - 0 0 aQTL 
QLDGX10.15 10 99.24 17 4 6.00 11.28 10.42 9.34 ns + 0 + 0 0 0 + + + 0 aQTL 
QLDGX10.16 10 102.04 5 1 8.22 ns ns ns ns 0 0 0 NA 0 + + + 0 - aQTL 
aQTL was not detected in a specific tester population. 
b"+" indicates significant positive effect of a lodging QTL on the mean leaf senescence or plant height of haplotypes; "-" indicates 
significant negative effect; "0" indicates non-significant effect; NA indicates the impact of a lodging QTL on the mean leaf senescence or 
plant height of haplotypes cannot be estimated because there was only one haplotype for the specifice QTL/tester population. 
caQTL indicates QTL associated with leaf senescence and/or plant height, while naQTL indicates QTL not associated with leaf 




Table S5-3 Correlation between overall BLUPs for lodging score and single trial BLUPs for grain yield in all 38 trials by tester. Mean 
lodging score, mean leaf senescence rating, and mean yield of the tester/trial combinations are also presented. Five trials, AYTM15CUR, 
AYTM16KIL, AYTM17DAL, AYTF16EME, and AYTF17DAL, were not harvested due to lodging; therefore, yield BLUPs in these trials 
could not be predicted and correlations in these trials could not be calculated. 
Trial Tester 
Trial lodged  
(yes/no) 
Mean lodging  
score (%) 
Mean leaf  
senescence  
rating 
Mean grain  




AYTF16BLA R986087-2-4-1 no -a - 8.52 0.45 6.4E-14 
AYTF16BLA R993396 no - - 9.30 0.33 3.4E-07 
AYTF16CRO R986087-2-4-1 yes 24.8 - 5.14 0.00 9.8E-01 
AYTF16CRO R993396 yes 28.6 - 5.37 -0.13 4.7E-02 
AYTF16DAL R986087-2-4-1 no - - 5.79 0.34 2.2E-08 
AYTF16DAL R993396 no - - 6.27 0.16 1.8E-02 
AYTF16JAN R986087-2-4-1 no - - 5.66 0.10 1.1E-01 
AYTF16JAN R993396 no - - 5.60 0.08 2.2E-01 
AYTF16KIL R986087-2-4-1 yes 18.9 - 2.64 -0.38 1.6E-08 
AYTF16KIL R993396 yes 18.4 - 2.60 -0.37 2.6E-07 
AYTF16ORI R986087-2-4-1 yes 7 - 2.70 0.02 8.1E-01 
AYTF16ORI R993396 yes 10.3 - 2.95 -0.06 3.9E-01 
AYTF16PIR R986087-2-4-1 no - - 6.40 0.07 3.0E-01 
AYTF16PIR R993396 no - - 6.34 -0.03 7.1E-01 




AYTF16SPR R993396 no - - 7.25 0.32 5.2E-07 
AYTF16WAR R986087-2-4-1 yes 24 7.3 7.36 -0.25 3.2E-05 
AYTF16WAR R993396 yes 29.5 8.2 5.87 -0.28 1.3E-05 
AYTF17CAR R986087-2-4-1 no - - 3.58 0.31 1.4E-08 
AYTF17CAR R993396 no - - 3.59 0.30 7.8E-11 
AYTF17EME R986087-2-4-1 no - - 4.01 -0.08 4.1E-01 
AYTF17EME R993396 no - - 3.85 -0.27 1.1E-07 
AYTF17MAC R986087-2-4-1 no - 5.3 3.86 0.37 6.8E-12 
AYTF17MAC R993396 no - 5.3 4.07 0.40 3.9E-19 
AYTF17PIN R986087-2-4-1 no - 3.5 4.88 0.41 2.9E-07 
AYTF17PIN R993396 no - 3.4 5.40 0.32 2.1E-12 
AYTM15CAP B010054 yes 3.1 7.6 3.00 -0.34 3.6E-07 
AYTM15CAP B963676 yes 1.1 7.2 3.00 0.05 3.8E-01 
AYTM15CAP B986604 yes 0.6 7.1 3.01 0.01 9.3E-01 
AYTM15DAL B010054 no - - 6.92 -0.25 1.4E-04 
AYTM15DAL B963676 no - - 7.61 0.09 9.1E-02 
AYTM15DAL B986604 no - - 6.94 0.13 2.6E-01 
AYTM15EME B010054 yes 22.7 7.9 2.79 -0.56 5.1E-19 
AYTM15EME B963676 yes 6.3 7.1 3.24 -0.32 1.8E-08 
AYTM15EME B986604 yes 4.2 7.1 3.62 -0.32 1.1E-02 
AYTM15GAT B010054 no - - 5.75 -0.30 4.5E-05 
AYTM15GAT B963676 no - - 6.70 0.03 6.3E-01 




AYTM15JIM B010054 yes 9.8 3.5 4.01 -0.57 1.0E-20 
AYTM15JIM B963676 yes 3.1 2.8 4.44 -0.13 1.9E-02 
AYTM15JIM B986604 yes 0.8 2.6 4.85 -0.04 7.6E-01 
AYTM15SPR B010054 no - - 6.80 -0.14 2.8E-02 
AYTM15SPR B963676 no - - 6.80 0.17 2.3E-03 
AYTM15SPR B986604 no - - 6.98 0.24 4.8E-02 
AYTM15WAR B010054 yes 30.4 - 6.01 -0.45 3.2E-13 
AYTM15WAR B963676 yes 18.1 - 7.56 -0.08 1.4E-01 
AYTM15WAR B986604 yes 13.2 - 7.76 -0.11 3.2E-01 
AYTM16BLA B963676 no - - 7.73 0.08 9.5E-02 
AYTM16BLA B986604 no - - 8.06 0.14 1.4E-02 
AYTM16CRO B963676 yes 20.3 - 5.66 -0.06 2.3E-01 
AYTM16CRO B986604 yes 16.9 - 5.76 0.09 1.4E-01 
AYTM16DAL B963676 no - - 6.69 0.08 1.1E-01 
AYTM16DAL B986604 no - - 6.41 0.11 2.3E-02 
AYTM16EME B963676 yes 14.3 4.1 2.41 -0.39 2.3E-16 
AYTM16EME B986604 yes 5.3 4.1 2.87 -0.22 1.3E-05 
AYTM16JAN B963676 no - 5.6 5.34 -0.03 5.7E-01 
AYTM16JAN B986604 no - 5.4 5.33 0.10 8.5E-02 
AYTM16ORI B963676 yes 17.3 - 2.67 -0.31 2.1E-10 
AYTM16ORI B986604 yes 9.3 - 3.14 0.01 9.3E-01 
AYTM16PIR B963676 no - - 6.41 -0.07 1.4E-01 




AYTM16SPR B963676 no - - 6.22 0.13 7.1E-03 
AYTM16SPR B986604 no - - 5.84 0.10 3.2E-02 
AYTM16WAR B963676 yes 12.8 5.5 7.55 -0.03 5.2E-01 
AYTM16WAR B986604 yes 11.7 6.5 6.97 0.04 4.6E-01 
AYTM17CAR B963676 no - - 3.61 0.20 1.1E-03 
AYTM17CAR B986604 no - - 3.59 0.14 4.3E-02 
AYTM17EME B963676 no - - 6.18 0.02 7.6E-01 
AYTM17EME B986604 no - - 6.11 0.08 2.9E-01 
AYTM17MAC B963676 no - - 4.01 0.31 3.7E-07 
AYTM17MAC B986604 no - - 3.77 0.16 3.1E-02 
AYTM17PIN B963676 no - 3.5 4.89 0.25 7.5E-05 
AYTM17PIN B986604 no - 3.5 5.30 0.16 2.2E-02 
AYTF16EME R98607-2-4-1 yes 28.7 6 - - - 
AYTF16EME R993396 yes 33 6 - - - 
AYTF17DAL R98607-2-4-1 yes 31.7 - - - - 
AYTF17DAL R993396 yes 35.1 - - - - 
AYTM16KIL B963676 yes 29.8 - - - - 
AYTM16KIL B986604 yes 29.4 - - - - 
AYTM17DAL B963676 yes 32.6 6.2 - - - 
AYTM17DAL B986604 yes 22 6.3 - - - 
AYTM15CUR B010054 yes 9.3 - - - - 
AYTM15CUR B963676 yes 6.1 - - - - 








Figure S5-1 Diagram of the method to integrate the GWAS output across the 39 separate analyses. To identify genomic regions that 
have a significant contribution to the variation of lodging, an integrated probability statistic was calculated by summing the -log10(p) of the 




window of length 2 cM around each SNPs (A). The process was performed on each tester/trial combination separately to generate a 
series of probability values centred on each SNP along each chromosome. The sum of these probability values across all trial 
combinations for each tester was then calculated, excluding values where p>0.05 and plotted across the genome for each tester (B). The 
position of the SNP in the centred of the 2cM sliding window (shaded in grey) is highlighted in orange and the corresponding sum(-
log10(p)) within the window highlighted in green; values highlighted in yellow indicates the most significant p values for the corresponding 
tester/trial combination within the 2cM window, whereas blue highlighted values indicates p values that are < 0.05 but not included in the 





 Figure S5-2 Correlations between BLUPs for lodging and leaf senescence (a), lodging 
and plant height (b) in individual trials by tester. 
 
